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ABSTRACT 

This repor t  p resents  the resu l t s  of burs t  t e s t  on thin wall t e s t  
cyl inders  and tensi le  specimens fabricated f rom an ASTM p r e s s u r e  vesse l  
s tee l  A-302-B, nickel modified. 

1 .  P r e s s u r i z e d  thin wall cylinders.  

The test specimens were  cut f rom sc raps  of d 3 . 2 5  inch thick 
rolled sheet of the A-302-B steel ,  nickel modified, used to  fabr icate  hydro- 
gen gas  s torage  vesse l s .  
specimens was perpendicular t o  the rol l  direction of the ma te r i a l .  

The longitudinal axis of the cylindrical  t e s t  

The following t e s t s  were  conducted. 

a. Twelve (12)  re ference  specimens were  ruptured using 
nitrogen g a s  at  a pressur iza t ion  r a t e  of approximately 10,000 psig pe r  
second. 

b.  Twelve (12 )  specimens were  pressur ized  to  6 , 0 0 0  psig 
with helium g a s ,  s tored  for 24 hours ,  and ruptured using nitrogen gas  at  
a pressurizat ion r a t e  of approsimately 10 ,000  psig per  second. 

c .  Twelve { 12) specimens were  pressur ized  t o  6 , 0 0 0  psig 
with hydrogen g a s ,  s tored  for  24 hours ,  and ruptured using nitrogen gas  
at a pressurizat ion r a t e  of approximately 10 ,000  psig pe r  second. 



d. Twelve (12) specimens were pressur ized  to  10,000 
psig with helium gas ,  s tored for 720  hours ,  an4 ruptured using nitrogen 
g a s  a t  a pressurizat ion r a t e  of approximately 10,000 psig per  second. 

e. Twelve (12) specimens were pressur ized  to  10 ,000  
psig with hydrogen gas ,  s tored for  720 hours ,  and ruptured using nitro- 
gen g a s  at a pressurizat ion r a t e  of approximately 10,000 psig per second. 

The t e s t  r e su l t s  indicated a sma l l  net reduction in ult imate s t rength 
fo r  hydrogen charged thin wall specimens (A-302B mater ia l )  a s  compared 
to those charged with helium gas .  

2. P r e s s u r i z e d  Tensi le  Specimens. 

The test specimens were  fabricated f rom A-302-B steel., 
nickel modified. 
the mill ro l l  direction of the mater ia l .  

The longitudinal axis of the specimens was paral le l  to  

The following t e s t s  were  conducted: 

a. Thi r ty  five (35) specimens were  s tored in a 6000 psig 
helium atmosphere at s t r e s s e s  of 50, 75, 90 ,  100, 110, 120 and 130 ksi  
fo r  24 hours  and then failed in tension b y  increasing the helium p res su re .  
F ive  (5) specimens were  tes ted in a similar inanner with nitrogen. 

b. F o r t y  two (42) specimens were  s tored in a 6000 psig 
hydrogen atmosphere at s t r e s s e s  of 50, 75,  90,  100, 110, 120 and 130 ksi  
for  24 hours ,  and then failed in tension by  increasing hydrogen p res su re .  

c. F ive  ( 5 )  specimens were  s tored  a t  a s t r e s s  of 110 ks i  
f o r  one hour while exposed to  MIL-H-5606 hydraulic fluid at  6000 psig.  
The specimens were failed in tension by increasing the hydraulic p re s su re .  

The t e s t  resu l t s  indicated that hydrogen embrit t lement occurs  at  o r  
nea r  the yield point, probably simultaneously with yielding. 

3 .  Tensi le  t e s t s  on A-302-B steel ,  nickel modified 

Data was obtained on the tensile s t rength of A-302-B steel ,  nickel 
modified in the direction of mill rol l  and each of two axes mutually perpen- 
dicular to  the direction of mill roll. Fifteen specimens were  tested in each 
axis  except the axis ver t ical ly  perpendicular to the direction of mill rol l .  
Nine specimens were  tes ted in this axis .  
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TEST SUMMARY AND CONCLUSIONS 

SUMMARY 

A. Pressu r i zed  Thin Wall Cylinders 

1. Sixty (60) t e s t  specimens fabricated f r o m  A-302-B steel, 
nickel modified were  tested. 
cylinders with the longitudinal axis of the specimens being perpendicular 
to the mill ro l l  direction of the parent  material .  
s tored with G H ~  o r  GHe at p r e s s u r e s  of 6,  000 psig and 10, 000 psig for  24 
hours  and 720 hour s  and then pressur ized  until fa i lure  with GN2. 

The specimens were  thin w a l l  p r e s s u r e  

The specimens were  

2. An average reduction of s t rength,  which ranged f rom 1.9% to 
7.4Y0, was found fo r  hydrogen charged specimens a s  compared to  those 
charged with GHe. However, t he re  was considerably m o r e  difference 
in  s t rength between individual specimens tested at a given se t  of condi- 
tions than there  was between the average strengths of the GH2 and GHe 
charged specimens.  
mens  stored, with bodih GHe and GH2, fo r  720 hours  than for  those s tored 
far 2 4  hours.  This m a y  possibly be  attr ibuted to  s t ra in  hardening of the 
metal .  

The average  tensile strengths were  higher fo r  speci-  

The t e s t  data a r e  summarized in Summary  Table 1. 

B. P r e s s u r i z e d  Tensile Tes t s  

1, Ninety(90) specimens fabricated f r o m  A-302-5 steel ,  nickei 
The longitudinal axis of the tensile specimens were  modified were  tested. 

para l le l  to the mill ro l l  direction of the parent  mater ia l .  
were  s tored  for  24 hours  at  tensions ranging f r o m  50, 000 ps i  to  130 ,000  
psi, in an atmosphere of GHZ or  GHe at 6000 psig. 
2 4  hour  s torage period the specimen was burs t  in the presence of the 
gaseous atmosphere.  

The specimens 

At the conclusion of the 

2. The ultimate s t r e s s  averages  were  e r r a t i c .  There was no 
definite t rend of hydrogen embri t t lement  effect on ultimate s t r e s s .  

3. The change of net average reduction ir, a r e a  of the GI32 speci-  
mens as compared to  the GHe specimens ranged f r o m  -3 .6  70 to - 18.270. 
All reduction in a r e a  averages  indicated embri t t lement  effects f r o m  hydrogen 
expos u r  e. 

4. The change of the zverage dongat ion of the GH2 specimens 
as compared to  the GHe specimens ranged f r o m  -10.27’0 to -t-l..2%.,. All groups 
of specimens,  except those s tored a t  120, 000 ps i  s t r e s s ,  had a lower average 
eloiigatioii for  the GHz specimens than for  the GHe specimens.  

5. Metallographic studies were  made  on specimens tested with 

xii 



GH2, GHe, GN2, MIL-H-5606 hydraulic fluid and specimens stored a t  
120,000 ps i  s t r e s s  in a GH2 atmosphere,  but not burs t .  
th is  study a r e  presented in Appendix B. 

The resu l t s  of 

Specimens tes ted to  fa i lure  with hydrogen exhibited secondary 
cracking in the necked a r e a .  
embri t t lement .  
t o  fa i lure  but s tored f o r  24 hours in the yield range, did not exhibit second- 
a r y  cracking.  

This phenomenon is typical of hydrogen 
A l l  other specimens,  including GH2 specimens not tes ted 

6. The t e s t  data a r e  summarized in Summary  Table 2 

C .  Tensi le  Tes t s  

1 .  Thirty-eight (38) specimens fabricated f rom A-302-B 
steel, nickel modified were  tes ted.  
testing paral le l  to  the direction of ro l l  during plate formation and for  each 
of two axes mutually perpendicular t o  the direction of rol l .  

The specimens w e r e  fabricated for  

d 

2. The t e s t  data a r e  summarized in Summary  Table 3 .  

D. His tory  of Fa i lures  

F r o m  NASA f i les ,  a his tory of fa i lures  of high p r e s s u r e  GHz 
vesse ls  is presented in Appendix D. 

11. CONCLUSIONS AND RECOM.MENDAT1ONS 

1. These  t e s t s  indicated that hydrogen embrit t lement occurs  only 
at  o r  near  the yield point. 
yield s t r e s s  range) for  24 hours  with gaseous hydrogen and not tested to 
fa i lure  did not exhibit the secondary cracking peculiar t o  hydrogen embri t t le-  
ment ,  while those tes ted to fa i lure  did exhibit secondary cracking. 
o r  other sections of p r e s s u r e  vesse ls  where concentrated s t r e s s e s  nea r  
the yield point of the ma te r i a l  occur a r e  possible locations for  hydrogen 
embr  ittlement fa i lure .  

Specimens s tored a t  120,000 p s i  s t r e s s  ( in  the 

Welds 

2. Tempera ture  has  a decided effect on hydrogen embrit t lement.  
Fur ther  investigation is necessary  to  determine fully this  effect. 
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T e s t  
Media 

Summary  Table 1. T e s t s  on P r e s s u r i z e d  Thin W a l l  Cylinders 

P r e s s u r e  Storage 
(psig) T ime  

{hours ) 

6,000 

6,000 

24 

24 

10,000 

10,000 

24 

24 

6 , 0 0 0  720 

6, 000 720 

10,000 720 

10,000 720 

A 

Average Net Reduction of Strength 
Ultimate of GH2 Specimens as 

S t r e s s  compared ' to GHe Specimens 
(ps i )  ( 7 0 )  

108,469 

100, 446 
7. 4 

112,534 

106, 070 
I 

120, 609 

117,990 
2 . 2  

120, 532 

118,277 
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Summary  Table 3, Tensile Tes t s  

Ultimate 
Stress 

130,090 

Y 124,700 

z I 127,640 

- 
Average 
Yield 
S t r eng th 
a t  0. 2% 
Elongation 
(p 5 i) 

112,600 

108, 700 

110,800 

Average 
R educ t ion 

in 
A r e a  

(70) 

60 .  1 

11. a 

55. 6 

Average 
Elongation 

(70) 

22. 1 

6 .  1 

20: 7 

* The X-Axis is in the direction of roll. 
pendicular to the direction of roll .  
pendicular to the direction of roll.  

The Y-Axis is vertical  and p e r -  
The Z-Axis is  horizontal and p e r -  
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SECTION I 

INTRODUCTION 

A. SCOPE 

1. This r epor t  p resents  the tes ts  that were  performed to de te r -  
mine i f  hydrogen embrit t lement resu l t s  f rom exposing A-302-B steel, 
nickel modified, to gaseous hydrogen. Also presented a r e  the tensile 
tes t s  that were  performed to yield as t ress -s t ra j .n  diagram for the metal. 
The effects of prolonged exposure were  evaluated in the test program, using 
both gaseous helium and gaseous hydrogen for comparison purposes  . 

2. The hydrogen embrit t lement tes ts  were  performed in two 
(2) phases  a s  follows: 

a. P h a s e  1 - P r e s s u r i z e d  Thin W a l l  Cylinder Specimens: 

Sixty (60) tes t  specimens were  fabricated f r o m  the 
actual ma te r i a l  used for manufacture of p r e s s u r e  vesse ls  (A-302-B'steel , 
nickel modified). 
twelve (12) each, and identified a s  A1 throughA12, 8 1  through B12, etc. 
The ult imate s t rength determination was made  by internal. pressurizat ion 
of the specimen until rupture occurred.  
record  & d g raphic ally. 

The specimens were  divided into five (5) groups of 

The p r e s s u r e  r i s e  ra te  was 

b: P h a s e  2 - P r e s s u r i z e d  Tensile Specimens: 

Eighty-seven (87) tes t  specimens were fabricated f rom 
the actual mater ia l  used for manufacture of p r e s s u r e  vesse ls  (A-302-B 
steel, nickel modified. The specimens were  divided into seven (7) groups, 
a s  l isted in Figure 1-2, and identified a s  X-2A through X-2K, X-3A through 
X-3P, etc.  Five (5) specimens made of 4340 s tee l  were  tested. 

3. The tensile t e s t s  were  performed wi th  thirty-eight (38) test 
specimens.  The specimens were  fabricated f rom actual ma te r i a l  used 
for manufacture of p r e s s u r e  vesse ls  (A-302-B s teel) .  
were fabricated for testing paral le l  to the direction of rol l  during plate 
formation and for each of two axes mutually perpendicular to the direction 
of roll .  

The specimens 

The specimens were  nuinhered a s  shown in Figure 1 - 3 .  
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B. ITEM DESCRIPTION 

1. Hydrogen Embrittlemelit T e s t s  

a. The thin wall cylinders were  fabricated f r o m  A-302-B 
steel, nickel modified, in accordance with Figure 1-1. 

.- . 

I Tolerances:  
xxxx = 0.0010 
xxx = 0.010 

. .. 1 1 / 2 "  x 12 UNC-2A 

Figure  1-1. P res su r i zed  Cylinder Specimen Dimensions 

b. The pressur ized  tensile specimens were  fabricated 
f rom A-302-13 steel, nickel modified, in accordance with Figure 1-2. 

2. Tensile Tes t  

The tensile specimens were fabricated f rom A-302-B steel ,  
nickel modified, plate as  shown in F igures  1 - 3  and 1 -4 .  

1 - 2  



-t, 005 
See Tab Colum 0.208 - , O O O  

* 50 

r ANG227-15 '0' ring 
with Teflon Back-up  

A302B 11 

A302B 11 

A302B 

A302B 

A through J . 370 4340 10 
P a r t  Number Dimensioix Number 

M a r k e d  Material  Required 
tlAll 

Figure  1-2, P res su r i zed  Tensile Specimen Dimensions 
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C. APPLICABLE DOCUMENTS 

1. KSC Technical Directive Number KSC-91, dated 
October 23, 1961. 

2. LOC Drawing Number A75M05871, Section P&VE-1, 
entitled "Vessel, 6000 psig, Gaseous Nitrogen, Helium o r  Hydrogen 
Storage, 200 cu. f t . ,  vertically mounted", dated February 14, 1964. 

3. Brown Engineering Company Drawing Number 78910052, 
entitled, "Hydrogen Embrittlement Test  Specimen and Fixture". 

4. Brown Engineering Company, Inc., Drawing Number 
MT-30053, entitled, "Plunger", dated August 4, 1965. 

5. Fed. Spec. 0- T- 634 Trichloroethylene. 

6. Brown Engineering Company, Inc. , Drawing Number 
MT-20023 entitled, "Tensile Test  Specimen", dated June 4, 1965. 

7. Brown Engineering Company, Inc., Drawing Number 
MT-20025, entitled, "Cut Fattern fo r  Tensile Test Specimen", dated 
June 14, 1965. 

c 
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SECTION I1 

INSPECTION AND ASSEMBLY 

PRESSUNZED THIN WALL CYLINDERS 

A. TEST REQUIREMENTS 

1. The specimens and fixture were  to  be dimensionally inspect-  
ed f o r  conformance t o  the requirements  of Figure 2-1A. 

2. Each specimen was t o  be identified for  future reference.  

3 .  Actual wall thickness of each specimen was t o  be recorded 
within - t 0. 0001 inches,  at  the minimum value. 

4. 
fo r  concentricity a t  the a r e a  of minimum wall thickness. 

5. 

The outside and inside of each  specimen was to  be checked 

h 

The specimens were  to  be assembled i n  the t e s t  f ixture as 
shown in Figure 2-1B. 
applied to  the I1O"-ring sea l  pr ior  t o  installation. 

A light coating of KEL-F-90 lubricant was 'CG be 

B. TEST PROCEDURE 

1. g t e r  machining of the specimens and f ixtures  was complete, 
a dimensional inspection was performed to  insure  conformance to  the r e -  
quirements of F igure  2-1A. All applicable data was recorded. 

2. Each  specimen number was marked on the wrench f la ts  us -  
ing the designations given in Tables 2 -2  through 2-6. 
to prevent damaging the specimen surfaces .  

Precaut ions were  taken 

3 .  
with dual probes.  
m u m  wall thickness as previously determined by dimensional inspection. 

Eccentr ic i ty  was measured  using a "Talyrond" machine 
These  t r aces  were  made at  the diameter  having the mini- 

4. 
in Figure 2-1B. 
"O"-ring sea l ,  and mating threads.  

The specimens were assembled i n  tes t  f ixtures as  i l lustrated 
A light coating of K E L - F - 9 0  lubricant was applied on the 
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All dimensions a r e  in inches,. 
1 1/21' 12 u ~ c - 2 ~  Tolerances:  

xxxx z. 0.0010 
xxx = 0.010 

Figzwe 2 -  1A. S:>ecimen Dimensions 
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Table 2-2.  Inspection Tes t  Data for Group A Specimens 

Minimum 
Tfl-ll 

Thicxne ss 
C 

(Inch) 

.0707 

Exter ior  Inter ior  
Finish Finish (O.D. & I.D. 

D E (Inch 1 * ::: ::: 
Diameter  

B 

1.000 

1 .000 0702 

1; 000 . 0700 7 I s  I ::: * I 
1.000 . 0710 

1.000 . 0 7 0 5  I ::: ::: I 
1.000 . 0 7 0 7  

1.000 . 0 7 0 5  

,0700 1.000 

1.000 

1 ,000  

_.  0707 

. 0706 

. 0 7 1 0  

__I-- 

6 . 5  1 8 I 0 .00140 1 
1.000 

1 .000 
- 7 . 5  8 0.000 15 

10 7 0.00070 . 0 7 0 3  

::: E cc en tr i c i ty : 
Measured by "Talyrond" curves on specimens @ minimum wall 
thickness (outside diameter  and inside diameter  recorded 
s imdt ane ous ly). 

:~::"?'alyrond'' curves  were  not obtained for  these specimens.  
Roughness number as measured  by a surface finish indicator. .L .b J- 

e,. .,. .,. 
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Table 2 - 3 .  Inspection Tes t  Data for  Group B Specimens 

*Eccentricity: Measured by "Talyrond" curves on specimens @ minimum 
wall thickness (outside diameter  and inside diameter 
recorded  simultaneously). 

V 

8::: Roughness number a s  measured  by a surface finish indicator. 

2-6  



Table 2-4 .  Inspection Tes t  Data for  Group C Specimens 

*Eccentricity: Measured by "Talyrond" curves on specimens @ minimum wall 
. thickness (outside diameter  and inside diameter recorded  

simultaneously). 

%: Roughness number a s  measured by a surface finish indicator. 
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Table 2-5. Inspection T e s t  Data f o r  Group D Specimens 

* Eccentricity: Measured by "Talyrond" curves  on specimens @ minimum wall 
thickness (outside diameter  and inside diameter  recorded  
simultaneously).  

::::: Roughness number a s  measu red  by a sur face  finish indicator. 
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Table 2-6. Inspection T e s t  Data for Group E Specimens 

Mi n im um 

Thi  kness  
Thickness  Diameter  W a l l  

A B E 

.244 1 1.0003 .0705 

. 0702 

0705 

.0706 

. 2 3 1  

, 2 5 1  

.239  

.232 

.231  

Exter ior  
Finish 

D 
.l, .I, -,' -8- 

7 . 5  

8 

7 . 5  

Inter  io r 
Finish 

E 
.?I 4. 

7 

6 .  5 

6 .  5 

* Eccentricity: Measured  by "Talyrond" curves on specimens @ minimum wall  
thickness (outside diameter  and inside diameter  recorded  
simultaneously). 

:::% Roughness number as  measured  by a surface finish indicator.  
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SECTION TI1 

REFERENCE BURST TEST 

PRESSURlZED THIN WALL CYLINDERS 

A. TEST REQUIREMENTS 

1 .  This t e s t  was to  be performed with the t e s t  specimens installed 
in a test fixture as shown on Figure  2-2. 
t o  be subjected t o  the tes t .  

Specimens A1 through A12 were  

2. A calibration p r e s s u r e  run was to  be performed to  es tabl ish a 
sat isfactory p r e s s u r e  r i s e  ra te .  

3. An energy dissipation unit design was to  be evaluated fo r  use  in 
the  following phases fo r  personnel protection. 

4. The t e s t  specimens were  to be internally pressur ized  until rup- 
t u re  occurred  utilizing gaseous nitrogen a s  the test medium. 

5. Rate of pressurizat ion and p r e s s u r e  a t  fa i lure  were  to  be graphi- 
cally recorded,  

B. TEST PROCEDURE 

1 .  The t e s t  sys t em was prepared  a s  i l lustrated on Figure  3-1 using 
the equipment l is ted i n  Table 3-1. 
t o  the test fixture (14). 
closed. 

A simulated specimen (13) was attached 
Valves (3) and (9)  were  opened and a l l  other valves 

2. The p r e s s u r e  vesse l  (4) was pressur ized  to  22,000 psig using 
the gas intensifier (1). 
opened. 

Valves (3) and (9)  were  closed. Valve (8) was 

3. The r eco rde r  (10) was s tar ted.  

4. The 3-way solenoid valve (11) which supplies a i r  press-are to  
open the pneumatic operated valve (5) was energized, 
(1 1) was de-energized. 

The solenoid valve 

5. The  r eco rde r  (10) was stopped immediately, and the sys t em 
vented by gradually opening the vent valve (9). 
recharged to 2 2 ,  000 psig. 

The p res su re  vesse l  (4) was 

6. The char t s  were  examined to  determine the p re s su re  r i s e  ra te .  
Approval of the r i s e  ra te  was obtained f r o m  the KSC tes t  engineer. 
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7. The fixed orifice line (6) was modified until the p r e s s u r e  r i s e  
ra te  was acceptable.  

8. The simulated specimen was removed f r o m  the tes t  f ixture 
(14). Specimen A1 was installed in  the fixture (14). 

9. The p r e s s u r e  v e s s e l  (4) was recharged  t o  22, 000 psig, the 
r eco rde r  (10) was s ta r ted ,  and s tep  4 was repeated allowing the specimen 
to  burst ,  

10. The r eco rde r  (10) was stopped immediately after burst .  

11. Steps 9 and 10 were  repeated for  specimens A2 through A12, 
the p r e s s u r e  output of the p r e s s u r e  ti-ansducer (7) was recorded,  and the 
p r e s s u r e  ves se l  (4) was recharged.  

NOTE 

The  t e s t  setup was always a r ranged  such that 
the p r e s s u r e  r i s e  r a t e  at the specimen was 
always at the acceptable level. 

'(i 

1 /4"  Super- J' 

p r e s s u r e  Lines  

F igu re  3 - 1 .  Reference B7urst T e s t  Setup 
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Table 3-1. Reference Burst  T e s t  Equipment Lis t  

I 
i 12. 
L 

I 
! 

Item I Manufacturer 

I 
I 

N/A Air  Supply 

3. 

4. 

5. 

6. 

I 

7. ' P r e s s u r e  
i Transducer  

8. 1 Hand Valve 

t 

i 
i 

9. ; Hand Valve 
! 

Intens if  ie  r I Aminco 
i 
I 

I 
I 

P r e s s u r e  Gage Heise 

i 
Hand Valve I Autoclave 

I 
i 

I 
I 

P r e s  su re  I Brown 
Vessel  

Piieumati c 
Ope r ate d 
Valve 

I Autoclave 
I 

I 
I 

(nor mal ly I 
closed) 1 

I 
Fixed Orifice 1 N/A 
Line 

I 

i 
! 

! 
110. ! Recorder  

I 

! 

i i  
I 

i I I 11. j 3-way Solenoid 
I Valve 

Strain-  Se rt 

Autoclave 

Auto c 1 a ve 

Hone ywell 

Marotta 

Model / 
Part  No.  

16-4021 - 
M 

N/A 

3OVM407 

N/A 

30VM407 
with ' I  OM 
3pe r a tor  

N/A 

N/A 

3OVM407 

3OVM407 

1508 

Serial 
No.  

Remarks 

0-30, 000 psig 
pne urn at i c 

30, 000 psig range 
40.5% accuracy - 

114 inch s ize ,  
0-30, 000 psig ra t -  
ing 

60, 000 psig rating 

0.25 in . ,  60,000 
psig rating 

1 / 4  inch line, 
100, 000 psig rating, 
Length was var ied 
to obtain des i red  
orifice effect. 

0-50, 000 psig 

114 inch s ize ,  
0-30, 000 psig rat iq  

1 /4 inch s ize ,  
0-30, 000 psig ratin:  

Oscillograph 

109 'h4V-123 114 inch s ize ,  

N/A i N/A 1150 t- 50 psig 

/ B  1200 psig rating 
i 

- 
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Table 3-1. Reference Burs t  Tes t  Equipment List (Continued) 

N / A  

N/A 

Item 

Specimen 

T e s t  F ix ture  

I 

Fabsicated 

Fabr ica ted  

Manufacturer 

Brown 

Brown 

TEST RESULTS 

-- 
Model / 

Part  No. 

N /A 

N/A 

I 
Serial  Remarks 

No.  

The ul t imate  s t r e s s  ranged from- 92, 507 ps i  to  119,205 psi. The 
average ul t imate  s t r e s s  was 108,849 psi. 
shown in F igu re  3 - 2 .  

A typical specimen fai lure  is 

D. TEST DATA 

The t e s t  data is shown in Table 3-2 ,  
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Table 3-2. Reference Burs t  T e s t  Data 

' Remarks  I Specimen 1 Burs t  :? U It i m- at e 
i P r e s s u r e  Strength 

(Psi!$ (psig) 

A- 1 

A-2 

A- 3 

A-4 

A- 5 

A-6 

A-8 

A- 9 

I 

A-1 0 

A-1 1 

A-12 

Average 

19,500 

19,470 

19,230 

19,500 

16,500 

18,110 

15,850 

18,680 

16,000 

16,820 

15,310 

18, 750 

17, 810 

' 118,407 

1 119,205 

' 118,127 

I 

I 

! 
! 

I 

1 1  I ,  8L4 

' 100, 521 
I 

I 109,966 

I 96,561 

114, 749 

I 

I 

1 

! 

97, 154 

102, 302 

92,507 

114, 607' 

I 108, 849 I 

Fai led  t o  burst .  
Pressure leaked 
down t o  18,500 
psig. Pressure 
was then in- 
c r e a s e d  until 
failure. 

::Formula = S=Pr - 
t 

%Ultimate Strength (psi) 
P = B u r s t  P r e s s u r e  
r=Radius t o  I.D. 
t=Wall  Thickness @ minimum value 
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SECTION IV 

24 HOUR HIELIUM AND HYDROGEN STORAGE AND BURST TEST 

A, 

PRESSURIZED THIN WALL CYLINDERS 

TEST REQUIREMENTS 

1. The t e s t  specimens were  to  be instalied in a test fixture as  
R)Iown i n  F igure  2-1B. Specimens B1 through B12, and D1 through D12 were  
tu be subjected t o  this tes t .  

2. The specimens were  to  be pressur ized  for  the periods and t o  
$.he p r e s s u r e s  l is ted in Table 4-1 below: 

Table 4- 1. Specimen Storage P r e s s u r e  and Pe r iod  

6 , 0 0 0  t 600-0  
10,000 t 1000-0 
10,000 t 1000-0 

3. Following the pressurizat ion periods shown above, the speci-  
mcns were  to  be individually subjected to  increasing internal p r e s s u r e  with 
GN2 until burst .  

4. The r a t e  of pressurizat ion and p r e s s u r e  a t  fa i lure  was t o  be 
graphically recorded. 

B. TEST PROCEDURE 

1. 
sllrization sys tem i l lustrated in  F igure  4- 1 utilizing equipment l isted in 
Table 4-2. 

The test specimen and t e s t  f ixture were  installed i n  the p r e s -  

2. Hand valves (3 ) ,  (5) and (6) were  opened and valve (4) was 
c 1 os e d . 

3 .  
Table 4-1. 

The specimens were  pressur ized  to  the p re s su res  shown in 

4. The sys t em was observed f o r  leakage. When leakage was 
cvidt-nced the specimens were  de-pressurized and the cause of the leakage 
r]in.rinated p r io r  to re -pressur iza t ion .  
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5. In-line valves ( 3 )  and (5) were  closed and valve (4) was 
gradually opened t o  r e l ease  entrapped p- r e s su re .  

6. The s torage  assembly was disconnected f r o m  the t e s t  
system. 
f ixture  (8 ) ,  hand valves (5) and ( 6 ) ,  and p r e s s u r e  gage (7 ) .  . 

The s torage assembly  consisted of the t e s t  specimen (9), the t e s t  

7. A warning t ag  was attached t o  each unit and the units were  
safely s tored  fo r  the period of t ime  specified in  Table 4-1. The pressur iza-  
t ion sequence was s taggered t o  provide sufficient t ime between t e s t s  t o  allot.; 
f o r  l iecessary bu r s t  t e s t  preparation. Frequent inspections were  made to  
a s s u r e  that the p r e s s u r e  rernained within the required p res su re  range. 
Specimens in which p r e s s u r e  decay occurred  were re -pressur ized  and the 
associated data recorded. 

c,---- 
6J 

I 
-..J- . - 

i ) 
s u x e  Lines I Plyboard 

3. The s torage assembly was connected to  the burs t  setup 
i i lustrated in Figure 4-2 with all valves closed. Valves ( 3 )  and (10) were  
operied and the p r e s s u r e  equalized on both s ides  of valve (5) by use of in- 
tensifier (1). 

9. 
Gauge (7) was removed f r o m  the system. 

Hand valve (5) was opened $nd gauge isolation valve (6) was 
closed. 
Valve ( 3 )  wzs opened, 

Valve (10) was closed. 
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10. Hand valve (13) was opened and the sys tem was pressur ized  
with GN2 to  22 ,000  psig by operation of the intensifier (1). 
was monitored on gage (2 ) .  

The p r e s s u r e  

11. Hand valve (3)  was closed and the r eco rde r  (16) was 
s tar ted.  

12. The pneumatically operated valve (10) was opened by ene r -  
gizing the 3-way solenoid valve (14), 

13. The p r e s s u r e  was allowed t o  r i s e  until the specimen rup-  
tured. 
the 3-way solenoid valve (14), and the r eco rde r  was stopped. 

The pneumatically operated valve (1 0) was closed by de-energizing 

14. Steps 1 through 13  were repeated f o r  the remaining speci-  
mens.  
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Ta 
__L_ 

.tern 
No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9 .  

.e 4-2. Helium and Hydrogen P r e s s u r i z a  

Item 

Intensifier 

P r e s  s u r e  
Gage 

Hand Valve 

Hand Valve 

Hand Valve 

Hand Valve 

P r e s s u r e  
Gage 

Tes t  
F ix ture  

Tes t  
Spec imen  

Manufacturer  

Amer ican  
Instrument  Co 

Heise  

Autoclave 

Autoclave 

Autoclave 

Autoclave 

Mar t in-  
Decker & 
Heise  

Brown 

Brown 

Model 1 
P a r t  No. ':: 

46- 402 1 - 
M 

N/A 

30VM4071 

30VM407 1 

3OVM4071 

3OVM4071 

N/A 

N/A 

N/A 

ion Te s t EauiDm ent L i s t  

0 - 30,000 psig 
Pne urn a ti c 

30, 000 psig F.S. 
t 1 /270 accuracy  - 
0-30,000 psig 

0-30,000 psig 

0-30,000 psig 

0-30,000 psig 

0-10,000 psig F. S. 
o r  0-15,000 psig F.S. 
t 1 /270 accuracy  - 

Fabr ica ted  

h302B Steel  
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Table 4-3. Helium & Hydrogen Busst P r e s s u r e  Tes t  Equipment List 

! 

- 
[tern 
No. 

1. 
- 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

T r ans duc e r 

, 10. 

Item 

Intens if  ie r 

P r e s s u r e  Gage 

Hand Valve 

P r e s s u r e  
V e s s e l  

Hand Valve 
(24 Req'd) 

Hand Valve 
(24 Req'd) 

P r e s s u r e  Gage 
(24 Req'd) 

T est Fixture  

T e s t  Specimen 

Pneumatic 
operated Valve i i  

! I 
I 1 11. I Fixed orifice 

[ 1 3 .  I Hand Valve 
I I 
I 
I 

Manufacturer 
- 

American 
Ins t rume nt Co. 

Heise 

Autoclave 

GFE 

Autoclave 

Autoclave 

Martin- Decke r 
and Heise 

Brown 

Brown 

Autoclave 

Brown Engr. 
Company, Inc. 

Str ain-Seat 

Autoclave 

Model/ 
Pa r t  No.  

46-4.021 - 
h4 

N/A 

3 OVM4O 7 1 

None 

3OVM4071 

3 OVM4O 7 1 

N /A 

N/A 

N/A 

3 QVM49 7 1 
with "OM' 
ope rat or 

1 
N/A 

None 

Serial  
No.  

30VM407d N/A 

Remarks 

0-30,000 psig 
pneumatic 

30,000 psig range 
$1 /270 Accuracy - 

1/4  inch s ize ,  
0-30 ,000  psig 

50, 000 psig rating 

1 /4  inch s ize ,  
30, 000 psig rating 

114 inch s ize ,  
30, 000 psig rating 

0-10,000 p i g  
o r  0-15,000 psig 
I +1/270 F. s. 

Fabr ic  ate d 

A302 B Steel 

114 inch s ize ,  
30, 000 psig rating 

Fabricated 60, 000 
psig rating 

0-50, 000 psig 
rating -- -i- . 570 
1/4  inch s ize ,  
30, 000 psig rating 
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Table 4-3, Helium & Hydrogen Burst  P r e s s u r e  Tes t  Equipment List 
(Continued) 

7 

Item 
No. 

14. 
- 

15. 

16. 

Item 

Solenoid oper -  
ated valve 
(3 -way) 

Air  Supply 

I I 1 Mode l /  1 Syo:l 
Manufacturer Par t  No. 

Marot ta  109 MV- 
123B 

Remarks 

1 /4 inch size, 
200 psig 

- 

100 psig 

Oscillograph 

C. TEST RESULTS 

1. The ult imate stress of the  specimens s tored  with helium at.  
6, 000 psig ranged from 102,768 ps i  t o  120,242 psi .  
s t r e s s  was 108,469 psi .  

The average ult imate 

2. The ult imate s t r e s s  of the specirnefis stored. with helium at 
1 0 , 0 0 0  psig ranged from 101,344 ps i  to  118,186 psi. 
s t r e s s  was 112,534 psi. 

The average ult imate 

3. The ult imate s t r e s s  of the specimens s to red  with hydrogen a t  
The average ult imate 6, 000 psig ranged f r o m  95,678 ps i  t o  113,141 psi. 

s t r e s s  was 100,446 psi. 

4. The ult imate s t r e s s  of the specimens s tored  with helium at 
10, 000 psig ranged f r o m  95, 534 ps i  t o  124,494 psi .  
s t r e s s  was 106,070. 

The average ult imate 

D. TEST DATA - 

The t e s t  data a r e  presented in  Tables  4-4,  4-5, 4-6 and 4-7. 
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Table 4-4. Burs t  P r e s s u r e  Data-6000 PSIG HeStorage €or 24 Hours 

Specimen 

B- 1 

B-2 

B-3 

B-4 

B-5 

B-6 

Aver  age 

Burst 
Pr e s s u r  e 

(P" id  

17, 515 

16 ,900  

17,545 

19,800 

17,120 

18,170 

17,841 

Ultimate 
S t r e s s  
(psi) 

105,830 

103,666 

107, 610 

120,242 

102,768 

11 0, 682 

108,469 

"Minimum 
Wall  

0.0710 

0.0701 

0.0701 

0. 0707 

0.0707 

0.0705 

0.0705 

Outside 
Diameter  
(Inch) 

1.0000 

1.0002 

1.0001 

1.0001. 

1.0002 

0.9999 

1.0001 

Table 4-5. Burs t  Pressure Data-10, 000 PSIG He Storage f o r  24 Hours 
~~ ~ 

Specimen 

B-7 

B-8 

B-9 

B-10 

B-11 

B-12 

Ave 1- age 

Bur s t 
P r e s s u r e  

(psig) 

19,363 

17,865 

18, 800 

18,770 

19,400 

16,690 

18, 4.81 

Ultimate 
S t r e s s  
(psi)  

118,186 

108, 837 

114,886 

113,961 

117,994 

101, 344 

112,534 

Minimum 
Wall 

T hickne 8 8 

0.0704 

0.0705 

0.0703 

0. 0707 

0.0706 

0.0707 

0,0705 

Outside 
Diameter 
(Inch) 

1.0002 

1.0000 

0.9998 

0.9999 

1.0000 

1.0000 

1.0000 
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Table 4-6. Burs t  Pressure Data-6000 PSIG H2Storage f o r  24 Hours 

Specimen 

D- 1 

D-2 

D-3 

Bur  s t  
Pressure 

(psig) 

18,725 

16,460 

16,000 

D-4 16,485 

D-5 I 15,705 

D-6 

Average 

15,705 

16,513 

Ultimate 
S t r e s s  
(Ps i) 

113, 141 

100,278 

96,676 

100,430 

96,474 

95,678 

100,446 

IMinimum 
Wall 

Thickness 
(Inch) 

0.0710 

0.0705 

0.0710 

0.0705 

0.0700 

0,0705 

0.0706 

Outside 
Diamet e r 
(Inch) 

1,000 

1,000 

1.000 

1.000 

1.000 

1,000 

1.000 

Table 4-7. Burs t  P r e s s u r e  Data-10, 000 PSIC H2Stosage f o r  2 4  Hours 

Spe c ime n 
Burs t  

Pres sure 
(P"W 

D- 7 

D-8 

D- 9 

D-10 

11-1 1 

D-12 

15,480 

17,820 

16,870 

20,435 

17,210 

16, 580 

Ave r a  ge 17,399 

Ultimate 
Stress 
(Psi) 

95,534 

109,466 

101,933 

124,494 

103, 987 

101,009 

106, 070 

Minimum 
W a l l  

Thickness 

0.0710 

0.0700 

0.0710 

0.0705 

0.0710 

0. 0705 

0.0707 

Outside 
Diameter  
(Inch) 

1.000 

1,000 

1 .000  

1.000 

1.000 

1 .000  

1.000 
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SECTION V 

720 HOUR I-s,ELIU,M AND HYDROGEN STORAGE AND BURST TEST 

PRESSURIZED THZN WALL CYLINDZRS 

A. TEST REQUIREMENTS 

1. The test specimens were  to  be installed in a t e s t  f ixture a s  
shown i n  F igure  2- lB.  Specimens C1 through C12, and El through E12 were  
to  be subjected t o  t h i s  test .  

2. The specimens were  to  be pressur ized  for  the periods and to  the 
p r e s s u r e s  l is ted i n  Table 5-1 below: 

Table  5-1. Specimen Storage F r e s s u r e  and Pe r iod  

Specimens 

CI - C6 
E l  - E6 
c7 .. c12 
E7 - E12 

6 , 0 0 0  t 6 0 0 - 0  
6 ,000  t 600-0 

10,000 i 1000-0 
10,000 t 1000-0 

3. Following the pressurizat ion periods shown above, the speci-  
mens were  to  be individually subjected t o  increasing internal  p re s su re  with 
GN until burst .  

2 

4. The r a t e  of pressurizat ion and p res su re  a t  fa i lure  was t o  be 
graphic ally r e  corded. 

B, TEST PROCEDURE 

1, The t e s t  specimen and t e s t  f ixture were  installed in the pres-  
sur izat ion sys t em i l lustrated in F igure  5- 1 utilizing equipment l is ted in 
Table 5 - 2 .  

2 .  Harid valves ( 3 ) ,  (5) and (6) were  opened and valve (4) was 
closed. . 

I 

3. The specimens were  pressur ized  to the p r e s s u r e s  shown in Table 
5-1. 
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4. The sys t em was observed for  leakage. When leakage was 
evidenced the specimen was de-pressur ized  and the cause of the leakage 
eliminated p r io r  t o  re-pressurizat ion.  

5. In-line valves ( 3 )  and (5) were  closed and valve (4) was gradually 
opened to  r e l ease  entrapped p res su re .  

6. The s torage assembly was disconnected f r o m  the t e s t  system. 
The s torage assembly  consisted of the t e s t  specimen (9), the t e s t  f ixture 
(g), hand valves (5) and ( 6 ) ,  and p r e s s u r e  gage (7) 

7. A warning tag w a s  attached t o  each unit and the units w e r e  
safely s tored  f o r  the period of t ime specified in  Table 5-1. 
zation sequence was staggered to  provide sufficient t ime between t e s t s  t o  
allow for  necessary  burs t  t e s t  preparation. 
made to  a s s u r e  that the p re s su re  remained within the required p r e s s u r e  
range. 
ized and the associated data recorded.  

The p res su r i -  

Frequent inspections were  

Specimens in which p res su re  decay occurred were r e - p r e s s u r -  

I-- - - - - - - -- 

1 / 4  Inch Superpressure  line 

I 

J I ------- 
Figure  5- 1. Helium and Hydrogen Pressur iza t ion  Setup 

8. The storage assembly  was connected to  the burst  setup illus- 
trated in Figure 5-2  with a l l  valves closed. Valves (3) and (10) were  
opened and the p re s su re  equalized or  both s ides  of valve (5) by use of 
intensifier (1). 

9. Hand valve (5) was opened and gage isolation valve (6)  was 
closed. Gage (7 )  was removed f r o m  the system. Valve (10) was 
closed. 
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10. Hand valves ( 3 )  and (13) were  opened and the sys t em was p r e s -  
sur ized  with GN2 t o  22 ,  000 psig by operation of the intensifier (1); the 
p r e s s u r e  was monitored on gage ( 2 ) .  

1 1 .  

12. 

Hand valve (3) was closed and the r e c o r d e r  (16) was s tar ted.  

The pneumatically operated valve (10) was opened by energizing 
the 3-way solenoid valve (14). 

13. The p r e s s u r e  was allowed t o  r i s e  until the specimen ruptured. 
The pneumatically operated valve (10) was closed by de-energizing the 3- 
way solenoid valve (14), and the r eco rde r  was stopped. 

14. Steps 1 through 13 were  repeated for  the remaining specimens,  

i l \  

Storage 
(7) Assembly 

1 /4 Inch Supe rp res su re  Lines 

Box 

F igure  5-2. Helium and Hydrogen B u r s t  T e s t  Setup. 
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Table 5-2. Helium & Hydrogen Pressur iza t ion  Tes t  Equipment: List 

- 
Item 
No. 

Item 

Intensifier 

P r e s s u r e  
Gage 

Hand Valve 

Hand Valve 

Hand Valve 

Hand Valve 

Pres s u r  e 
Gage 

Tes t  
F ix ture  

Tes t  
S m x i m  en 

- ~ __ 

Manufacturer 

Amer ican  
Ins trurn ent 
c 0. 

Heise  

Autoclave 

Autoclave 

Autoclave 

Autoclave 

Martin- 
Decker & 
Heis e 

Brown 

Brown 

Model / 
Part No. 

46-4021- 
M 

N/A 

3 OViM40 
71 

3 OVM40 
71 

30VM40 
71 

3 OVM40 
71 

N/A 

N / A  

N/A 

Se r i a l  
Na. . 

EE-6668 

N/A 

N / k  

N/A 

N/A 

X/A 

N/A 

N/A 

N/A 

Remarks 

0-30, 000 psig 
pneumatic 

30, 000 psig F. S. 
$1 1270 accuracy  - 
0-30,  000 PSig 
1 / 4  inch s i ze  , 

0-30, 000 ps ig  
1 / 4  inch s i ze  

0-30,000 ps ig  
1 /4 inch s ize  

0-30 ,000  PSig 
1 / 4  inch s i ze  

0-10, 000 ps ig  
F.S, o r  0-  
15, 000 psig F. 

accuracy  
s., f 11270 - 

Fabricated 

A 302B Steel 

U 
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Table 5-3. Helium and Hydrogen Burst  P r e s s u r e  T e s t  Equipment Lis t  

- 
tern 
NO. 

1 

I_ 

2 

3 

4 

5 

6 

7 

I '  
I 

Item ! Manufac tu re r  
I 

Intensifier 

P r e s s u r e  
Gage 

Hand Valve 

P r e s  s u r  e 
Vessel  

Hand Valve 
(24 Req'd) 

Hand Valve 
(24 Req'd) 

P r e s s u r e  
Gage 
(24 Req'd) 

T e s t  Fixture  
(24 Req'd) 

T e s t  Specimen 
! 

American 
Instrument C 0. 

Heise and 
Autoclave 

Autoclave 

GFE 

Autoclave 

Aut o c 1 ave 

Martin- Decker 
and Heise 

Brown 

Brown 

Pneumatic : Autoclave 
Operated Valve j 

I 

! 
Fixed Orifice Brown Engr.  

Company, Inc. 
I 

P r e s s u r e  i B. L. H. 
Transducer  ~ 

I 

Model  / 
Par t  No. 

46-4021 - 
M 

N/A 

3OVM4071 

N/A 

3 OVM4O 7 I 

3 OVM4O 7 I 

N/A 

N /A 

N/A 

3 OVM4 0 7 1 
with ' I  OM' 
operator  

None 

I_.- 

Serial 
No. 

EE - 666; 

I 
GPCG 133553 

i 
I I 

3 i ; 
! I ! 

13 Hand Valve , Autoclave :3OVM4071;N/A I 

! 

! I 
j 

I , i I 

Remarks  

0-30, 000 psig 
pneumatic 

30, 000 psig range 
+1/2% accuracy - 

0-30 ,000  psig 

50, 000 psig 
rating 

30, 000 psig rating 
114 inch s ize  

30, 000 psig rating 
1 / 4  inch s i ze  

0-10 ,000  psig o r  
0-15, 000 psi2 - t 
1/29i0 F . S .  acc. 

Fabr ic  at  e d 

A302 B Steel 

114 inch s ize  
30, 000 psig rating 

iFabricated 68, 000 
/p s ig  rating 

!rat ing - +. 5010 
130, 000 psig rating 

! 
I 

I 

I 
I ! 
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Table 5 -3. Helium and Hydrogen Burs t  P r e s s u r e  T e s t  Equipment L i s t  (Cont'd) 

I t em 
NO. 

14 

15 

16 

Item 

Sole no i d 
Operated Valve 
(3-way) 

A i r  Supply 

Recorder  

Manufacturer 

Mar  o tta 

N /A 

Honeywe 11 

- 
Model/ 

Par t  No. 

109 

N / A  

1508 

Se r i a l  
No. 

MV - 
123B 

NJA 

Remarks  

200 psig 

100 psig 

c, TEST RESULTS 

1. The ult imate s t r e s s  of the specimens s tored  with helium a t  
The average ult imate 6000 psig ranged f r o m  117, 011 p s i  t o  124,158 psi. 

stress was 120,609 psi. 

2. The ult imate s t r e s s  of the specimens s tored  with helium a t  
10,000 psig ranged f r o m  114,533 ps i  t o  125, 343 psi. 
s t r e s s  was 120,532 psi. 

The average ult imate 

3. The ult imate s t r e s s  of the specimens s tored  with hydrogen 
at  6 ,000 psig ranged f r o m  11 1 ,526  ps i  t o  124,880 psi. 
mate s t r e s s  was 116, 944 psi. 

The average ulti- 

4. The ult imate s t r e s s  of the specimens s tored  with hydrogen 
at 10, 000 psig ranged f r o m  104, 277 ps i  to  1.22,453 psi ,  The average ulti- 
'mate s t r e s s  was 118, 277 psi. 

D. -. TEST DATA 

The tes t  data a r e  presented in  Tables 5-4,  5-5, 5-6 and 5-7. 



Table 5-4. Burst  P res su re  Data - 6000 psig He Storage for 720 Hours 

Specimen 

c- 1 

c - 2  

c-3 

c - 4  

c - 5  

C-6 

Ave rag e 

Burst 
Pre s sure  

(PSid 

20,100 

19,200 

19,300 

20,200 

19, 600 

20,300 

19, 783 

Ult irnate 
Stress  
(PS i) 

121, 520 

117, 011 

118, 698 

124, 158 

118,525 

123, 744 

120, 609 

-- 
Minimum 

Wall 
3: hic kne s s 

r&nc&\ 

. 071 

I .  0705 

.070 

. 070  

071 

, .0705 

.0705 

Outside 
Diameter 
(Inch) 

1.0005 

1.0003 

1. GO05 

1.0005 

1.0007 

1. (1005 

1.0005 

Table 5-5. Burst P res su re  Data-lO,OOO psig He Storage for 720 Hours 

Specimen 

c - 7  

C-8 

c - 9  

c -10  

c-11 

c- 12 

Average  

Burst 
P r e  s s ur e 

(psig) 

19,400 

20,100 

18 ,800  

:9,800 

20,000 

20,400 

19, 750 

Ultimate 
Stress  
(PS i) 

119,171 

120, 91 5 

114,533 

121,328 

121 , 901 

125, 343 

120, 532 

Minimum 
Wall 

T hic kne s s 

e 070 

. 071 

.0705 

.0705 

, 0705  

.070 

,0704 

Outside 
Diameter 
(Inch) 

1.0000 

1.0005 

1.0000 

1.0050 

1.0004 

1.0002 

1.0010 
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Table 5-6. Burst  P r e s s u r e  Data-6,  000 psig H2Storage fo r  720 Hours 

Specimen 

E- 1 

E-2  

E - 3  

E-4 

E - 5  

E-6  

Average 19,367 117,990 

Mini rnum 
Wall 

Thickness 

e 0706 

. 07’08 

,0705 

.0705 

. 0702 

.0705 

.0705 

Outside 
Di ame t e  r 
(Inch) 

1.0003 

1.0000 

0.9995 

1.0003 

1. 0003 

1.0000 

1.0001 

Table  5-7. Burs t  P r e s s u r e  Data-10, 000 psig H2Storage f o r  720 Hours 

Specimen 

E - 7  

E-8 

E - 9  

E-10 

E-11 

E-12 

Average 

Burs t  
Pre s s u r e  

(psig) 

20,100 

20,100 

20,100 

19,300 

19: 700 

17,200 

\ 

19,417 

122,308 .0706 

122,453 .0705 

122,050 .0707 

117,648 

120,414 

104, 786 

.0705 

.0703 

.0705 

118,277 . 0705 

I 

Outs ide 
Diameter  
(Inch) 

1.0004 

1.0000 

1.0000 

1.0005 

1.0000 

1 .0000  

1.0002 
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SECTION VI 

INSPEC TION, CLEANING AND ASSEMBLY 

PRESSURIZED TENSILE SPECIMENS 

A. TEST REQUIREMENTS 

The specimens and t e s t  f ixtures were  to  be dimensionally inspected 
Each specimen was to be identi- 

The actual diameter  of each specimen was t o  be 
for  conformance t o  design requirements .  
fied for  future reference.  
measu red  and recorded  within f 0. 001 inch, at the minimum value. 

The t e s t  f ixtures,  associated system and specimens were  to be 
cleaned to  eliminate hydrocarbons and oxides and maintained in  an  oxygen 
f r e e  a tmosphere .  

The specimens were  to be installed in  the tes t  f ixtures  as shown in 
F igure  6-1. 
110" ring sea ls  while maintaining a n  iner t  atmosphere., 

A light coating of KEL-F-90 lubricant was to be applied on the 

After each t e s t  setup was complete, and before "storing" the helium 
specimens,  all sys tem piping downstream of the intensifier was to  be p r e s -  
sur ized t o  6000 psig and the piping checked for  leaks. 
or was to  be used. 

A helium leak detect-  

Prior to  the s torage of any hydrogen, all systern piping downstream 
of the purif ier  was to  be evacuated to  
condition f o r  a t  l ea s t  24 hours  af ter  all detectable leaks had been sealed.  
A helium leak detector was to  be used. 

microns  and maintained at this 

B. TEST PROCEDURE 

1. After machining of the specimens and fixtures, a dimensional 
inspection was per formed to insure conformance t o  F igure  1-2. 
cable data was recorded. 

A l l  appli- 

2. Each specimen was marked  on the upper end ( s e e  F igure  1-2) 
Caution was exercised to  p r e -  using the designations given in  Table 1-2. 

vent damaging surfaces .  

3 .  The t e s t  f ixtures and specimens were  cleaned with t r ichloro-  
Each fixture and the associated sys tem ethylene and ultrasonic c leaner .  

., 
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was purged with u l t ra -pure  helium gas  to maintain an oxygen f r e e  a tmosphere .  

4, Specimens X-2F through X-2J were  assembled  in a n  oxygeE f r e e  
envir onrrient a s  follows: 

a. Lubricated "0" rings and back-up rings were  installed at 
I'A" and r lBr'  as shown in. F igure  6-1. 

b. The plunger was inser ted  into fixture in the direction of 
a r r o w  IID" until 11011 ring groove "C" was visible at opposite end. 

C .  The lubricated IrO" ring and back-up ring was installed at 
llC1l and the plunger installed in the final position. 

d. The plate was attached to  fixture and plunger with sc rews  
and the inlet  and outlet valves installed. 

5. After assembly,  the specimens were  pressur ized  with ul t ra-  
pure  helium gas, to approximately 100 psig. 

6. A l l  openings to the assembly  were  covered with two (2) l a y e r s  
of aluminum foil and two (2) l aye r s  of polethylene held in  place with'white 
vinyl tape. 

7. Specimens X-2F through X-ZJ were  connected. with the asso- 
ciated p r e s s u r e  s torage equipment shown in F igure  7-1 and l is ted in Table 
7-1. 

8. Upon completion of each phase of bu r s t  testing, the remaining 
portion of the t e s t  specimen was removed f rom the fixture. 

9. 
maining specimens as the tes t  f ixtures  and associated equipment became 
available e 

Steps three  ( 3 )  through seven (7) were  repeated with the r e -  

c. TEST RESULTS 

All specimens w e r e  within tolerance.  

D. TEST DATA 

The inspection data a r e  presented in Table 6 - 1. 
t 
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- - - .  ------.'3 i 

4340 Steel 
Heat Trea t  

160,000- 180,O 

T e s t Spe cirnen 

3 . 2 5  

1.25 

I . 386 

Hd. Screw 

Figure 6-1. Specimen Installed in Tes t  Fixture 
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Table 6-1. Inspection Data 

1 Specimen 

6-4 

X-LA 

X-1B 

x-1c 

X-lG 

X-1H 

X-2A 

X-2B 

x - 2 c  

X-2D 

X-2E 

X-2F 

X-2G 

X-2H 

x-21 

X-2J 

X-2K 

X-3A 

Dimen 

§p e cif i ed 

1.25 

1.25 

1.25 

1. .25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

I( 

1. 25 

1.25 

.on L 

Actual 

1.261 

1.240 

1.257 

1.258 

1.260 

1.245 

1,245 

1.245 

1.245 

1.246 

1.248 

1.245 

1.245 

1.245 

1 e 244 

1 .250 .  

1.245 

- 

In Inches. 

Dimension D (Minimum) 

.370 

,370 

.370 

.370 

.370 

.329 

.329 

.329 

.329 

329 

.329 

.329 

.329 

,329  

.329 

.329 

.280 

Actual 

.370 

3699 

.370 

.3792 

.3796 

.329 

.329 

.329 

.3292 

.3288 

.3289 

.3292 

,329  

.329 

.329 

.3292 

,2798 



Table 6- 1. Inspection Data (Continued) 

Sp e cim en 

L 

X-3B 

x - 3 c  

X-3D 

X-3E 

X-3F  

X-3G 

X -  3H 

X-31 

x - 3 J  

X-3K 

x - 3 L  

X-3M 

X-3N 

X-30 

x - 3 P  

X-4A 

X-413 

All Dimensions Are  Show 

Dim en 

Specified 

1.25 

1.25 

1. 25 

1. .25 

1. 25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1. 25 

1.25 

1. 25 

1. 25 

1.25 

4 

ion L 

Actual 

1.241 

1.245 

1.250 

1.242 

1.245 

1.244 

1.243 

1.250 

1.244 

1.251 

1.247 

1.245 

1.245 

1.245 

1. 247 

1.245 

1.238 

In Inches. 

Dimension 1 
_I 

Sp e cif i ed 
_Q 

, 280 

, 280 

e 280 

.280 

280 

280 

.280 

.280 

..280 

.280 

.280 

.280 

280 

280 

.280 

.245 

,245  

(Minimum) 

Actual 

e 2798 

2799 

.2’795 

.2795 

.2797 

2’796 

,2782 

.280 

,2795 

.2799 

.2798 

.. 2’796 

.2798 

. 280  

,280  

2446 

.2448 



Table 6- 1. inspection Data (Continued) 

1 

Specimen 

- 
x-4c 

X-4D 

X -4E 

X-4F 

X-4G 

x-4H 

X-41 

X-4J 

X-4K 

X-5A 

X-5B 

x - 5 c  

X-5D 

X-5E 

X-5F 

X-5G 

X-5H 

AU Dimensions   re Shown I n  Inches. 

Dimen 

SD e cif i ed 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1. 25 

1.25 

on L 

Actual 

1.240 

1.241 

1.244 

1.240 

1.242. 

1.255 

1.242 

1,240 

1.245 

1.245 

1.246 

1.241 

1.240 

1.240 

1.241 

1.242 

1.241 

Dimension I 

.245 

.245 

.245 

.245 

.245 

245 

245 

.245 

.245 

238 

.238 

.238 

.238 

.238 

.238 

.238 

.238 

(Minimum) 

Actual 

.2448 

.2444 

.2447 

e 2446 

.2445 

2447 

.2446 

.2447 

.2448 

.2358 

.2355 

.2359 

.2356 

.2358 

.2356 

,2355 

,2348 
. - -  
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Table 6-1 Inspection Data (Continued) 

Specimen i. 
X-51 

X-5J 

X-5K 

X-6A 

X-6B 

X-6C 

X-6D 

X-6E 

X-6F 

X-6G 

X-6H 

X-61 

X-6J 

X-6K 

X-6L 
8 

X-6M 

X-6N 

All Dimensions Are Shown In Inches. 
1 

Dim en 

Sp e cif i ed 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

On L ...- I Dimension D (Minimum) 
I 

Actual 

1.240 

1.240 

1.248 

1.250 

1 ,249  

1.250 

1 :247 

1.250 

1.247 

1.248 

1.245 

1.244 

1.247 

1.253 

1.246 

1.243 

1.245 

Sp e cif i e  d 

.238 

.238 

.238 

.227 

.227 

* 227 

.227 

e 227 

.227 

.227 

.227 

.. 227 

.227 

.227 

.227 

.227 

.227 

Actual 

2357 

.2356 

.2378 

.227 

.2268 

.2269 

.2269 

.2269 

.2269 

.2268 

e 2267 

.2268 

2268 

.2268 

.2271 

,2272 

.2271 
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Table 6- 1 e Inspection Data (Contii-ivied 

Specimen 
I 

X-60  

X-6P 

X-7A 

X-7B 

x - 7 c  

X-7D 

X-7E 

X-7F 

X-7G 

X-7H 

X-71 

X-7J 

X-7K 

X-8B 

X-8C 

X-8D 

6-8 

All  Dimensions Are Shown In Inches. 

Dimen: 

Specified 

1.25 

1.25 

1.25 

1 e .25 

1. 25 

1 ,25  

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1. 25 

1.25 

1.25 

on L 

Actual 

1.260 

1.245 

1.244 

1.243 

1.248 

1.250 

1.242 

1.245 

1.242 

1.245 

1.242 

1.240 

1.. 268 

1.241 

1,241 

1.240 

1.240 

Dimension - 

.227 

.227 

.218 

.218 

218 

.218 

.218 

.218 

e 218 

.218 

.2L8 

.218 

.218 

e 211 

.211 

,211  

.211 

(Minimum) 

Actual 

e 227 

.227 

.2177 

.2178 

.2178 

.218 

.2177 

2178 

.2172 

.2178 

.21;4 

.2181 

.2180 

.2107 

.2105 

.2108 

.211 



Table 6-  1. Inspection Data (Continued) 

All Dimensions Are Shown In Inches. 

Dim ension D (Minimum) 

.211  

.211 

.211 

.211  

21.1 

211 

.2108 ' 

,2108 

2103 

.2106 

.2107 

.2109 

c 
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SECTION VI1 

STORAGE PRESSURE A.ND BURST TEST 

PRESSURIZED TENSILE SPECIMENS 

A. TEST REQUIREMENTS - 
The specimens were  to be subjected, in groups of five (5), to a 

s t e s s  level between 50, G O O  and 130,300 ps i  for a period of twenty-four hours  
(unless fa i lure  occurred before then). After twenty-four (24) hours,  the 
specimen s t r e s s  was to be  increased until fa i lure  occurred. 

Cal ibrat ion p r e s s u r e  runs were  to be  performed on dummy speci-  
mens as required to insure  accuracy of instrumentation and to establish 
a sat isfactory p r e s s u r e  r i s e  ra te .  

An energy dissipation unit design was to be evaluated in this t e s t  
phase for  u se  in the following phases  fo r  personnel protection. 

The specimens were  to be pressur ized  at a constant ra te ,  utilizing 
gaseous hydrogen o r  helium a s  the tes t  medium. 

The test repor t  was to include: some typi.cal tapes (i l lustrations],  

The helium and hydrogen tesus 
and plots of s torage s t r e s s  and s torage t ime vs. 70 elongation, 70 reduction 
(necking) and ult imate tensile strength. 
were  to be plotted on the same graph  for comparison. 

*B . TEST PROCEDURE 

1. The pressurizat ion sys tem downstream of the purifier, as 
shown in F igure  7-1, was cleaned by sonic cleaning using trichloroethylene 
and GN2 drying. 

2 : The specimens were  tested in the sequence l isted in Table 
7-1. The medi.a used with each specimen is i isted in Table 7-1. 

3. The specimens were  installed in the pressurizat ion sys tem 
The equipment used is i l lustrated in F igure  7-1.  

l isted in Table 7-2. 
in Figure 7-2, 

All valves were  closed. 
The safety setup fo r  personnel protection is shown 

NOTE: 

The sys tem was pressur ized  and leak checked using 
a helium leak detector.  All  leaks were  stopped. The 
sys tem was evacuated and a.11 fittings were  painted 
with Glyptol. 
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4. All spec imens  exposed to hel ium o r  ni t rogen w e r e  tested 
as follows: 

a. A GHe or  GN2 (14a) and (14b) supply was connected to valve 

(4b) * 

NOTE: 

When GHe o r  GN? " supply was exhausted, valves (8a) 
and (5) w e r e  closed and valve (8b) opened. 

c .  Valve (2t) was  cracked and GHe o r  GN bled for  approx- 2 
imately 30 seconds. 

d. Valves (2t) and (2u) were  closed. 

e. Steps 4c was  repeated with valve (2w). 

f .  Valves (2w) and (2x) w e r e  closed. 

g. Steps 4c was  repeated with valve (2z). 

h. Valves (22) and (2aa) w e r e  closed. 

i. Step 4c was  repeated with valve (2ac). 

j. Valves (2ac) and (2ad) were  closed. 

k. Step 4c was  repeated with valve (2af). 

1. Valves (2af) and (2ag) w e r e  closed. 

m. Valves (2v), (Zy), (2ab) and (2ae) were  closed. 

n. Intensifier (1) was s ta r ted  and p r e s s u r e  t ransducer  (12e) 
cal ibrated with p r e s s u r e  gage (18). 

0. Valve (2t) was closed and valve (2v) then opened. 

p. Step 4n was  repeated with p r e s s u r e  t ransducer  (12d). 
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q. 

r .  

s. 

Valve (2v) was closed and valve (2y) then opened. 

S t e p  4n was repeated with p r e s s u r e  t ransducer  (12c). 

Valve (2y) was closed and valve @ab) then opened. 

t. Step 4n was repeated w 

u. Valve (2ab) was closed 

v. Step 4n was repeated v 

th p r e s s u r e  t ransducer  (12b). 

and valve (2ae) then opened. 

ith p r e s s u r e  t ransducer  (12a). 

w. Valves (2s) ,  (Zt), (Zv), (Zw), (2y), (Zz), (2ab), ( 2 x 1  and 
(2af) were  opened. 

x. Intensifier (1) was s ta r ted  and the specimens p res su r i zed  
to 6000 ( t200,  -0)  psig as  indicated by p r e s s u r e  gage (18). 

y. The intensifier (1) was stopped and valves (Zs), (2v), (2y), 
(2ab) snd (2ae) closed. 

z. The specimen p r e s s u r e ,  as indicated by p r e s s u r e  t r a n s -  
ducers ,  was monitored for  24 hours .  
psig, the specimen w a s  p re s su r i zed  to 6000 (4-200, -0) psig and the associated 
data recorded.  

If this p r e s s u r e  dropped below 6000 

aa. At the conclusion of the 24 hour s torage period, inten- 

Intensifier (1) was then stopped. 
sifier (1) was s ta r ted  and the sys t em p r e s s u r e  increased  to 6000 p5i.g as 
indicated by p r e s s u r e  gage (18). 

ab. Valve (2ae3 was opened and valve (2q) closed. 

ac.  Intensifier (1) was  s ta r ted  and p r e s s u r e  increased  until 
specimen fai lure .  P r e s s u r e ,  as indicated by p r e s s u r e  t ransducer  (12a), 
was recorded  during the b u r s t  operation. 

ad,  Valve (2ae) was closed. 

ae.  
w a s  then closed. 

Valve ( 2 q )  w a s  opened and s tep  4aa repeated.  Valve ( 2 4  

af. Valve (2ab) was  opened and s tep 4ac repeated. 
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ag. Valve (2ab) was closed. 

ah. Step 4ae was repeated. 

ai. 

a j .  Valve (2y) was closed. 

ak. Step 4ae was  repeated. 

al. 

am. Valve (2v) was closed. 

an. Step 4ae was  repeated. 

ao. 

ap. Valve (2s) was closed. 

Valve (2y) was  opened and s tep 4aa repeated. 

Valve (2v) was opened and s tep  4ac repeated. 

Valve (2s)  was opened and s tep 4ac repeated. 

5. All spec imens  e-xposed to hydrogen w e r e  tested as follows: 

a. A GH2 supply (15a) and (15b) was connected to f i l ter  (13). 

b. Regulator (10) was closed and valves  (8a), (5), and (3b) 
w e r e  opened. 

c.  Regulator (10) was adju'sted to obtain a p r e s s u r e  of 150 
psig as indicated by pur i f ie r  (21) input gage. 

d. The pur i f ie r  (21) was  s e t  up and adjusted to obtain optimum 
flow. 

e. Valves (4b), (91, (7) and (4e) were  opened and the pur i f ie r  
output analyzed until the oxygen content was  below 100 ppb. 

f. Valve (4b) was closed. 

g. Valves (2a) and (2b) w e r e  opened and the res idua l  g a s  in 
the ullage bottles (24a) and (24b) analyzed. 

h, Valves (2a), (2b), ( 7 )  and (9) were  closed a f t e r  i t  mas 
determined the ullage GH2 was  pure.  
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i. Valves (4b), (k), (2e), (2f), (Zj), (2m), (2n), (21) and (6) 
were  opened. 

j.  Intensifier (22) was actuated and the output analyzed until 
The intensifier was then stopped. the oxygen content w a s  l e s s  than 100 ppb. 

k. Valves (4c), (2e), (2f), (2j) and (2m) were c1osi:d and 
valves (2g) and (Zk) opened. 

1. Intensifier ( 1 )  was actuated and the output analyzed until 
the oxygen content was l e s s  than 100 ppb. The intensifier was then stopped. 

m. Valve (2k), (21) and (6) were  closed. 

0. The GH2 was analyzed through the specimens until the 
oxygen content was  l e s s  than 100  ppb. 

NOTE: 

This  completed the sys t em purge. 
g a s  f rom all p a r t s  contained l e s s  than 100 ppb 
of oxygen. 

The purging 

q .  (4c)J (2e)J ( 2 d ) J  (2a)> (2f)J (2j)J  (2n)J (2r) and 
(2q) were  opened. 

r. 
Intensifier (22) was energized and the ullage bottles p re s su r i zed  to approx- 
imately 500 psig. 

Ullage bottles (24a) and (24b) were  submerged in LN2. 

s. Intensifier (22) was stopped and valves (4b), (4c), (2e), 
(2f), (2d) and (2 j )  closed. 

t. The LNz  around the ullage bottles was drained and r e -  
placed with hot water .  
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u. Valves (2b), (2g), (2k), (2m) and (2s) were  opened. 

v. Intensifier (1) was s ta r ted  and p res s i i r e  t ransducer  (12e) 
cal ibrated with p r e s s u r e  gage (18). 

w. Valves (2s) was closed and valve (2v) opened. 

x. Step 5v was  repeated for  p r e s s u r e  t ransducer  (12d). 

y. Valve (2v) was  closed and valve (2y) opened. 

z. 

aa. 

Steps 5v was  repeated fo r  p r e s s u r e  t ransducer  (12c). 

Valve (2y) was closed and valve (2ab) opened. 

-n ... 

ab. 

ac. 

Step 5v was  repeated for  p r e s s u r e  t ransducer  (12b).. 

Valve (2ab) was  closed and valve (2ae) opened. 

ad. Step 5v was  repeated fo r  p r e s s u r e  t ransducer  (12a). 

ae .  Valves (2s), (2t), (Zv), (2w), (2y), (221, (2ab), (2a-c) 
and (2af) w e r e  opened. 

af. Intensifier (1) was  s t a r t ed  and the specim'ens p re s su r i zed  
to 6000 (+200, -0)  psig as indicated on p r e s s u r e  gage (18). 
was  then stopped. 

The intensifier 

ag. Valves (2s),  (2v), (2y), (2ab) and (2ae) were  closed. 

ah. The specimen p r e s s u r e ,  as indicated by p r e s s u r e  t r a n s -  
ducer ,  was monitored for  24 hours .  
psig, the specimen was r ep res su r i zed  to 6000 ( t 2 0 0 ,  -0) and the associated 
data recorded.  

If this  p r e s s u r e  dropped below 6000 

ai. Step 4aa through 4ap were  repeated. 

6. The spec imens  tes ted  with MIL-H-5606 hydraulic fluid w e r e  
installed in the t e s t  setup shown in F igure  7-3,  with the equipment l is ted in 
Table 7 - 3 .  These  spec imens  w e r e  t e s t ed . a s  follows: 
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a. Valves (3 )  and (5) were  opened and the sys t em bled of 
air using a iow hydraulic p r e s s u r e .  

b. Valve (5) was closed. 

c. Hand pump (1) was actuated and the sys t em p r e s s u r e  
r a i sed  to 6000 ($200, -0) psig as indicated on p r e s s u r e  t ransducer  (2). 

d. This  p r e s s u r e  was  maintained for  one hour. 

e. Hand pump (1) was actuated and the hydraulic p r e s s u r e  
increased  until spec imen failure.  
s u r e  t ransducer  (2). 

The p r e s s u r e  was  monitored with p r e s -  

C. TEST RESULTS 

1. The ul t imate  s t r e s s  of the specimens tested with GH2 
ranged f r o m  115,604 p s i  to 140, 651 psi .  
m e n s  tes ted  with GHe ranged f r o m  117, 332 p s i  to 144, 726. The ult imate 
s t r e s s  of the specimens tes ted with GN2 ranged f r o m  123, 588 p s i  to 138, 
584 psi .  
(MIL-H-5606) ranged f r o m  122, 018 to 125,324. 
effect f r o m  hydrogen erribrjttlement noted on the ult imate s t r e s s .  
specimens s tored a t  the higher s t r e s s  gellerally had a higher ult imate strength.  
This may be  at t r ibuted to s t ra in  hardening. 
vs  s t a rage  s t r e s s  for  GH2 and GHe specimens is presented in  F igu re  7-4. 

The ul t imate  s t r e s s  oi the speci-  

The ult imate s t r e s s  of the specimevs tes ted with hydraulic. oi l  
The re  was no definite 

The 

A plot of average  ul t imate  s t r e s s  

2. The area reduction of specimens tes ted with GH2 ranged 
f r o m  17. 5% to 65. 670. 
ranged f r o m  59. 270 to 68. 570. 
hydraulic oil  (MIL-H-5606) ranged f r o m  62. 570 to 66 .6%.  The a r e a  reduction 
of specimens tes ted with GN2 ranged f r o m  61.670 to  65.270. The re  was a de-  
finite effect on a r e a  reduction on specimens subjected to  a hydrogen atmosphere.  
The percent  of a r e a  reductlun was  considerably lower ana much m o r e  
e r r a t i c  on specimens tes ted  with hydrogen. A plot of average  reduction in 
a r e a  vs  s torage  s t r e s s  for  GH2 and GHe specimens is presented  in F igure  
7-5. 

The a r e a  reduction of specimens tested with GHe 
The a r e a  reductio= of specimens tes ted with 

3. The elongation for  specimens tested with GI32 ranged f r o m  
7. 670 to 20. 1%. 
f r o m  13. 870 to 20. 570. 
oil (MIL-H-5606) ranged f r o m  14. 0% to 17. 1%. 
mens  tested with GN2 ranged f r o m  15. 670 to 17. 5%. 

The elongation for  specimens tested with GHe ranged 
The elongation for  specimens tes ted with hydraulic 

The elongation for  speci-  
The re  was  a definite 
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effect  on specimen elongation where Specimens were  subjected to  a high 
p r e s s u r e  hydrogen atmosphere.  The specimen elongation was lower f o r  
specimens tes ted with hydrogen except a t  120,000 ps i  s torage s t r e s s .  
The re  was a l a r g e r  percent elongation in specimens s tored at  lower 
s t r e s s e s .  
s t r e s s e s .  
is  presented in F igure  7-6. 

This was probably caused by s t ra in  hardening a t  higher s torage 
A plot of average  elongation vs s torage s t r e s s  for GHZ and GHe 

4. 
Specimens tes ted at: t empera tures  lower than 3 2 ° F  see.m m o r e  

Tempera ture  m a y  have some effect on hydrogen embri t t le-  
ment .  
effected by hydrogen embri t t lement .  
in  elongation 2nd a r e a  reduction percentage as  lower tempera tures  were  
encountered . 

Figure  7-7 i l lus t ra tes  the dec rease  

5. Storage# stress seemed to  have no effect on secondary c rack-  
ing. 
but not bu r s t .  
jected to a metallographic examination. 
specimens that were  not bu r s t  showed no evidence of hydrogell embri t t le-  
ment .  

T h r e e  spec imem were  s tored a t  120,000 ps i  s t r e s s  with hydrogen 
These specimens along with burs t  specimens were  su.b-3 

(Report  is in Appendix 13.1 The 

6 .  The t r u e  f r ac tu re  s t rength a t  the necked down a r e a  ranged 
f r o m  155,743 to  379, '301 ps i  for  specimens tested with hydrogen. 
t r u e  f r ac tu re  strength fo r  specimens tes ted with helium ranged f r o m  
292, 893. p s i  to 410, 298 ps i  ( s e e  Tables 7-20 and 7-21). 

The 

D. TEST DATA 

The t e s t  data a r e  presented in Tables  7-4 through 7-22. 
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Table 7-  1. P re s su r i zed  Tensi le  Spccimen Tes t  Sequence 

b 

X-2F 

X-2G 

x - 2x3 

x-21 

X-2J 

X-2A 

X-3A 

X-4A 

X-5A 

X - 6 R  

x - 3 c  

X-3B 

X-3D 

X-3E 

X-3K 

X-5B 

i x-5c 
I 
. X-5D 

X-5K 

Storace , JV-cdia 
S t ress  I 

Level 
(KS1) 

5c 

50 

50 

50 

50 1 

50 

75 

90 

100 

110 

7 5  

75 

75 

7 5  

35 

1 0 0  

100 

190 

100 

100 

f l  

M a t t  r i a l  High 
Pur i ty  

Cleaning 

- 
Specimen 
Diameter 
( inc he s ) 

0.329 

0.329 

0.329 

0.329 

0.329 

0.329 

0.280 

0.245 

0.238 

0.227 

0.280 

0.280 

0.280 

0.280 

0.280 

0.238 

0.238 

0.238 

0,238 

0.238 

Tes t  
Sequence 

1 

i 

1 

1 

1 

2 

2 

2 

2 

2 

3 

4 

4 

4 

4 

5 

5 

5 

5 

5 
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Table 7-1. P r e s s u r i z e d  Tensile Specimen Test  Sequence (Continued) 

Test  
Specirnen 

X-2B 

x - 2 c  

X-2D 

X-2E 

X-2K 

X-4B 

x - 4 c  

X-4D 

X-4E 

W-4K 

X-5F 

x-5G 

X-5H 

x-51 

X-5J 

X-4F 

X-4G 

X-4H 

X -41 

X-4J 

Storage 
S t r e s s  
Level  
(KS1) - 

50 

50 

50 

50 

50 

90 

90 

90 

90 

90 

100 

100 

100 

100 

100 

90 

90 

90 

90 

90 

Material  

A302R 

4302B 

.__- 

High 
Pur i ty  

Cleaning 

Yes 

Y e s  

Spec im en 
Diainet e P 

(inchea) 

0.329 

0.329 

0.329 

0,329 

0.329 

0.245 

0.245 

0.245 

0.245 

0.245 

0.238 

0.238 

0.238 

0.238 

0.238 

0.245 

0.245 

0.245 

0.245 

0.245 
_I_ 

Test 
S e qu e 11 c e 

6 

6 

6 

6 

6 

7 

7 

7 

7 

7 

8 

8 

8 

8 

8 

9 

9 

9 

9 

9 
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Table 7- 1. P res su r i zed  Tensi le  Specimen T e s t  Sequence (Continued) 

! Tes t  
Specimen 

X-6B 

X-6C 

X-6D 

X-6E 

X-6K 

X-3F 

X-3G 

X-3H 

x-31 

X-3J 

X-6E’ 

X-6G 

X-6H 

X-61 

X-6J 

X-7F 

X-7G 

I I X-7H 

X-71 i 

Storage 
Stress 
Level 
(KSl) 

110 

110 

110 

110 

110 

75 

75 

7 5  

75 

7 5 

110 

110 

110 

110 

110 

120 

120 

120 

120 

Media 

Mil-H 
-5606 

Mil-H 
-5606 

GN2 

t I 
GN2 

GHe 

i 
1 

t 

GHe 

- 
Mater ia l  

A302B 

A-302B 

High 
Pur i ty  

Cleaning 

N o  

No 

Y e s  

I 

Yes 

Specimen 
Diameter 
( inc he 8 )  

0.227 

0.227 

0.227 

0.227 

0.227 

0.280 

0.280 

0.280 

0.280 

0.280 

0,227 

0.227 

0.227 

0.227 

0.227 

0.218 

0.218 

0.218 

0.218 

T e s t  
Sequence 

10 

10 

10 

10 

10 

11 

11 .  

11. 

11. 

11 

12 

12  

12 

12 

12 

13 

13 . 

13 

13 

7-1 1 



Table 7-1. P r e s s u r i z e d  Tens i le  Specimen T e s t  Sequence 

Tes t  
Specimen 

X-7J 

X-8F:k 

X-8G::: 

X43H::: 

X - 81::: 
X -4J :;< 

X-2E 

X-4D 

X-4E 

X-43s 

X-7A;:: 

X-7B 

x - 7 c  

X-7D 

X-7E 

X-7K 

X-6L 

X-6M 

X-6N 

X-60  

-- 
Storage 
S t r e s s  
Level  
(KS 1) 

120 

130 

130 

130 

130 

130 

50 

90 

90 

90 

120 

120 

120 

120 

120 

120 

110 

110 

110 

110 

Media 

GHe 

GHe 

GH2 

Mater ia l  

A-302B 

A-302B 

I 

High 
Pur i ty  
C1 eaning 

Y e s  

Yes 

Specimen 
Diameter  
{ inc hee) . 

0.218 

0.211 

0.211 

0.211 

0.211 

0.211 

0.329 

0.245 

0.245 

0,245' 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0,227 

0.227 

0.227 

0.227 

T e s t  
Sequence 

13 

14 

14 

14  

14 

14 

15 

15 

15 

15 

15 

16 

16 

16 

16 

16 

17 

17 

17 

17 

:::These specimens failed before  o r  during the s torage  period. 
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Table 7-1. P r e s s u r i z e d  Tensi le  Specimen Test  Sequence (Continued) 

1 Test 
1 Specimen i 

X-6” 

X 8 R :!: 

X-8C::: 

X - 8 D:!: 

X - 8 E::: 

X - 8K::: 

X-1A 

X-1B 

x-1c 

x-3L 

X-3M 

X-3N 

X - 3 0  

x - 3 P  

X-1G 

X-1H 

Storage 
S t r e s s  
Level 
(KS1) 

110 

3.30 

130 

130 

130 1 

130 

37.9 

37.9 

37.9 

75 

75 

75 

75’ 

75 

N / A  

N/A 

Media 

G 

GHe 

GHe 

He 

He 

Mater ia l  

A-302B 

A-302B 

4340 

4340 

4340 

A-302B 

A-302B 

4340 

4340 

High 
Pur i ty  

C 1 eaning 

Y e s  

Y e s  

NO 

No  

- 

Specimen 
Diameter  
(inches) 

0.227 

0.211 

0.211 

0.211 

0.211 

0.211 

0.370 

0.370 

0.370 

0.280 

0.280 

0.280 

0.280 

0.280 

0.370 

0.370 

Tes t  
Sequence 

1 7  

18 

18 

18 

18 

18 

19 

3.9 

13 

20 

20 

20 

20 

20 

21 

21 

:!These specimens fai led before  o r  du r ing  the s t o r a g e  pe r iod .  
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Table 7-2 .  Storage P r e s s u r e  and  Burs t  T e s t  Equipment Lis t  

j I I Intensifier 
i 

1 
I I 
I 2a I Hand Valves 
I 
I thrui 
1 22, i 
j2aa 1 

i j thru 1 

' 2ah  I I 

i 3a Hand Valves 
I thru i 

i 

I 
, 

1 3e 1 

, 
Hand Valves 

Hand Valve 

t 

i 6 Hand Valve 
I I 

i 

i 7 , Hand V a l v e  
1 

8 8a ?:and Valve 
and 

8b 

: 1 0  P r e s s u r e  
R cg 1-11 ~2 tor 

American 146-402 EE66 
Instrumcnt  C o ,  , l M  i 68 

I 

I 
I 

Auto c lave .30VM- 1 N/A 
I I 14071 
iG-316- i 
!CW I 

I 

R obb in s 
I 
i 
I 
! 
I 
Robbins 

i 
i 

! 
j Robbins 
I 

' 11 V3.CUII~~l 

, I Svstcin t 

M c$a, s iir e men I 
I 

I i 

I 6 

Tescom 

Whitey 

Airco 

Grovv 

, Grove  

i N. R .  C ,  

i HT -X6 0 4  
/ 6 3  
i 
I , SSKG - 
!250-4T 
f 

SSNA- 
I 250-4T 
j 

j 634960 

30-1 101 - 
104 

I. RS4 

N/A 

N/A 

N/A 

N/A 

N / A  

N /A 

N / A  

114 F1.6- N/A 
10898K 

I 

' 15-LH L-321 
21 

Remarks  

1 
I 

1 / 4  inch, 30, 000 1 
ps1g 

1 / 4  inch, 6000 
Psig 

1 / 4  inch, 6000 
Psig 

114 in.ch, 6000 
psig 

11-1 inch, 10, 001) 
PSig 

1/4 ipch, 3000 
Ps jg  

Shut-off valves 
furnished on 
E<-bottles 

1 / 4  inch,, 6000 
PS% 

0-2000 ps i  

720 111') ' Calibrated to 
09-V S toke r - IkCleod  

G a g  e .  Ionization 
' g a g e  t u b e s  I 

> I 1 
I Mode! 56 3 -SK 

1 
- - ,  

7-15 



Table 7-2. Storage P r e s s u r e  and Burs t  T e s t  Equipment List 
(Continued) 

12a 

121 

12c 

12c 

12E 

13  

14, 
1 4a, 
tnd 
.4b 

15 

16a 
and 
16b 

17 

18 

19 

Item 

P r e s s u r e  
Transducer  

Pressure 
Transducer  

Pres sur e 
Transduce r  

P r e s s u r e  
Transducer  

Pres  sur e 
Transducer  

Pneumatic  
Filter 

Manufacturer 

P r e s s u r e  Gage 

Hand Valves 

P r e s s u r e  G a g e ,  Ashcroft  

I 
P r e s s u r e  Gage 1 Fleise 

I 
! 
i 

Vacuum Pump i Kenney 

B-L-H 

B-L -H 

B-L-H 

B-L-H 

13-L-H 

Hydro-dyne 

N /A 

Heise 

Robbins 

! 1 
I I I 

I 

_m- 

Model  / 
Par t  No. 

S R-4 

SR-4 

SR-4 

SR-4 

SR-4 

31 -2642 

N /A 

N/A 

SSKG - 
3758-87 

N /.A 

N/A 

802 -SO8 

Ser ial  
N O .  

21283 

21255 

21291 

1844 1 

21270 

A002 

N/A 

H4488: 

N /A 

035 

41242 

207OH 

5 0  
E6095, 

_1_- 

Remarks 

O - 3 0 , O O O  psig, 
accuracy  f. 570 

0-30, 000 psig, 
accuracy  %. 5010 

0-30, 000 psig, 
accuracy  f. 5910 

0-30, 000 psig. 
accuracy  f. 5% 

0-30, 000 psig, 
accuracy  f. 570 

10 mic ron  nom- 
inal 25 mic ron  
a b  s o Zut e 

Supply (14)  to be 
used tc  purge  
vent l ines  when 
n e c e s s a r y  

0-500 ps ig  

1 / 2  inch, 6000 
PSig 

0-200 psig, 
accu racy  i. 570 

0-30, 000 psig, 
accuracy  f. 270 
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Table 7-2. Storage P r e s s u r e  and Burs t  Tes t  Equipment L i s t  
(con tinuc d )  

N/A 

1 20al Thermocouple RECO 

1 20b' Thermocouple EECO 
I 
! 2Oc1 Thermocouple BECO 

20dl Thermocouple I BECO 
i i  ' 20e; Thermocouple RECO 

I 

I 
1 

i k 

I 

i , 

I Stainless s teel  

' ,  21 i H2 Pur i f i e r  )Milton Roy 

I I 
: 22 I Intensifier 
! I ' 23 { P r e s s u r e  
i I : Regulator 

Waskel 

Mar  o t ta 

! i I 

24a i Ullage Tanks ! BECO ! 
I ;and 1 
j24b j 
I I 

I 25 V a c u u m  P u m p  ' Diffusion 
I 

1 26 Helium Leak ,CEC 

I 

Detector 

127a  T e s t  F ix ture  RECO 
I I 
thru 
27e 

I 

I 

IN/A 

!N/A 

IN/A 
I 

I 
;N /A  

i 
; N / A  
I 
IC -50D 

I 

I 

AGD-4 

LB-21 

I 
i 
I N / A  

I 
i 
iN/A 
I 

1 N/A I Iron-Constantan 

N /A. 

N /A 

N/A 

N/A 

S -  
2502A 

266-12 

51 5 

Iron-C onstantan 

Iron -C on 5 tan tan 

Iron-C onstantan 

Iron-C onstantan 

0-6000 psig 

I 

i 
' I  

I 
H112 j 
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Figure  7 - 2 .  Typical Safety Setup 
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Tiydraiilic Oil S u r s t  Tes t  Setup -. - F iq-.- r c' ' .- 2. 
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- 
tern 
No. - 

1 

2 

3 

4 

5 

6 

I__ 

Table 7-3. Hydraulic Oil Burs t  T e s t  Equipment List 

Item 
. -  - 

Hand Pump 

P r e s s u r e  
Transduce  r 

Hand Valve 

T e s t F ixt u re 

Hand Valve 

Tes t  Cel l  

M a n u f a c t u r e r  

Blackhawk 

BLH 

Autoclave 

BECO 

Autoclave 

Model / 
Par t  No.  

Ser ia l  
N O .  

P-228 

GPCG 

FK4Y74 

33553 

4071- I 
G-3 16-C W 
HT-X604 
6 3  

N/A 

30VM- 
407 1- 
(2-3 16-CW 
I-IT-XS04 
63 

N/A 

R e nia r k s 

) - 2 O , O O O  psig 

1-20,000 psig 
i c c u r a c y  * .5'fo 

1/4 inch, 30,000 
? sig 

1/4 inch, 30,000 

7-20 
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136 

134 

132 

130 
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Table 7-20, True F r a c t u r e  Strength f o r  Specimens 
Tested With Hydrogen 

Specimen 

X-2A 
X-2B 
x - 2 c  
X-2D 
X-2E 
X-2K 
x -3A 
X-3B 
x - 3 c  
X-3D 
X-3E 
x-3K 
X-4A 
X-4R 
x-4c 
X-4D 
X-4E 
X-4K 
X-5A 

D F or  mula: 

True 
Fracture* 
Strength 

j p  i) 

335,945 
312, 639 
229, 659 
155, 743 
343, 276 
220,442 
339, 308 
248, 087 
175, 546 
296, 401 
285, 877 
319, 383 
330,620 
316, 105 
330,992 
309, 484 
266, 174 
324, 290 
328, 602 

D1' x s  
D 2 2  

S =  

5pe c imen 

X-5B 
x - 5 c  
X-55D 
X-5E 
X-5K 
X-6A 
X-6L 
X-6M 
X-6N 
X-60 
X-6P 
X-7A 
X-733 
x - 7 c  
X-8B 
X-8C 
X-8D 
X-7E 
X-8K 

True 
Frac ture*  
St rengt h 

(psi) .  

265, 285 
356, 232 
272, 916 
319, 732 
243, 127 
319, 218 
356, 649 
379,901 
365, 362 
359, 504 
343, 790 
223, 321 
354, 716 
334, 038 
367, 573 
343,251 
269, 259 
324, 336 
347,345 

Where: s =  T r u e  F r a c t u r e  Strength (psi) 
D1= Original SpecFmen'-Diameter (inch) 
D2= Specimen Necked Down Diameter  (inch) 
S= Ultimate S t ress  (psi)  
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Ta.ble 7-21.. T r u e  F r a c t u r e  Strength for Specimens Tested with 
Media, Other Than Hydrogen 

Specimen 

X-2F 
X-2G 
X-2H 
x-21 
x - 2 J  
X-3F::' 
x- 3c;::' 
X-3Hs 
x - 31::: 
x-3L 
X-3M 
X-3N 
X - 3 0  
x - 3 P  
X-4F 
X-4G 
X-4H 
X-41 
X-4J 
X-5F 
X-5G 

X-3 J::: 

T rue  
Fracture 
St r eng th 

(psi) 

292, 891 
336, 601 
331, 039 
348, 124 
351, 595 
350,866 
379, 304 
350, 552 
347, 985 
358, 215 
396, 581 
367, 732 
310, 007 
363,475 
379, 075 
357,876 
374, 796 
358, 963 
383, 650 
382,626 
369, 231 
378,647 

:::Tested with GN2 

-- ~ 

Specimen 

X-5H 
x - 5 J  x - 6 s:x::: 
x - 6 c;:::: 
X-6D::: 5' 

x 6 E:; :;: 
X-6F 
X-6G 
X -6H 
X-6I 
X-6J 
X-6K::::; 
X-7F 
X-7G 
X-7H 
X-71 
X-7J 
X-8F 
X-8G 
X-8H 
X-81 
X-8J 

T r u e  
Fracture 
St rengt h 

( p i )  

376,012 
363, 498 
360,816 
346,457 
333, 988 
334,695 
358, 203 
365,001 
387, 624 
378, 569 
353,676 
370, 043 
384, 938 
410, 298 
396, 725 
373, 991 
363,872 
379,754 
378,172 
,350, 846 
351, 7'78 
350, 747 

%:: Te s t ed with MIL-H- 5 6 0 6 hydraulic fluid. 
All other specimens were  tes ted with GHe. 
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Table 7-22. Oxygen ConteDt of Hydrogen During Storage 
and Burs t  

Sp e c iine n 

X- 124 
X-1B 
x- 1c 
X-2A. 
X-2B 
x - 2 c  
X-2D 
X-2E 
X-2K 
X-3A 
X-3B 
x- 3c 
x-3D 
X- 3E 
X-3K 
X-4A 
X-413 
x - 4 c  
X-4D 
X-4E 

Oxygen Content 
During Storage 

and Burs t  
(PPb) .- 

<50 
<5 0 
<50 

€55 
<55 
(5 5 
<6 0 
<5 5 

<70 

.I. 1. 

.b .P 

<80 
< 7 0  
<?O 
<: 70 

< 70 
r'?O 
<60 
(60 

.L 1- 

Specimen 

X-4K 
X-5A 
X-5B 
x- 5c 
X-5D 
X-5E 
X-5K 
X-6A 
X-6L 
X-6M 
X- 6N 
X-60 
X-6P 
X- 7A 
X-7B 
x- 7c 
X-813 
X- 8C 
X-8D 
X-8E 
X- 8K 

Oxygen C ontent 
During Storage 
and Burs t  

- (PPb) 

<60 

< 75 
<75 
< 75 
<75 
<75 

<70 
< 40 
<50 
<40 
<40 
<60 
<35 
<40 
(40 
<40 
<60 
<30 
<60 

.b * 

* .I. 

;k Purification equipment was not available at the t ime these specimens 
were  tested.  
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SECTION VI11 

TENSILE TEST 

A. TEST REQUIREMENTS 

I 0 The sp-ecimens and fixture were  to  be dimensionally inspected 
The specimen diameter (Dimension "A", for conformance t o  F igure  8-1. 

F igure  8-1) was to  be recorded,  within I tO.0001 inches,  at  the minimum 
value. 

2 ,  Each  specimen was to  be identified for  future reference.  

3,  The specimens were to  be secured  and a tensi le  load applied un- 
til specimen fai lure .  

4. Percent  elongation, reduction in a r e a  and ult imate s t rength were  
to  be tabulated. 
s t rength were  t o  be developed. 

S t r e s s - s t r a in  diagrams showing yield point and ultimate 

B. TEST PROCEDURE 

1 .  After machining of the specimens and fixtures was complete, a 
dimensional inspection was performed t o  insure  conformance t o  the s e -  
quirements of F igure  8-1. Al l  applicable data was recorded. 

2. Each specimen was inspected to  insure that the specimen was 
identified a s  shotvn on Figure  8-1. 

3 .  Each specimen was tes ted  on a universal  testing machine (Table 
8-1) as follows: 

a. The specimen was installed in the universal  tes t ing machine. 

b. The specimen was loaded until fa i lure  at a displacement r a t e  
of . 004 to  . 005 inch pe r  minute. All applicable data was recorded. 
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Table 8-1. Tensi le  'Test Equipment List  

- 
.tern 
No. 

1 
- 

2 

3 

4 

I_ 

Item 

IJnive r s a1 
Testing 
Ma chine 

ExTens omete r 

Specimen 

Specimen 
Adapte r 

Ma nu f a c t u r  e r 

Riehle 

Riehie 

BECO 

BECO 

Mod e l  / 
Par t  No.  

TS-60 

GN-20 

N / A  

Serial 
No .  

3.-46578 

N / A  

N /A 

R e ma r k s 
- 

C, TEST RICSULTS 

I.. The specimen dimensions were  within tolerance except dimen- 
s ion B (Figure 8- 1). 
therefore  tes t ing was continued. 

This discrepancy was not considered cletninzental, 

2. The yield s t rength of the X-Axis specimens ranged f r o m  107, 500 
psi  t o  122,400 psi. 
mate  s t r e s s  ranged f r o m  125, 900 ps i  to 134, 800 psi. 
s t r e s s  was 130, 090 psi.  

The average yield s t rength was ,112, 600 psi. The ult i-  
The average ultimate 

3 .  The yield s t rength of the Y-Axis specimens ranged f r o m  106,800 

The average ultimate s t r e s s  
psi  t o  110, 500 psi. 
s t r e s s  ranged f r o m  122,  800 ps i  to  125, 800 psi. 
was 124, 700 psi. 

The average yield s t rength was 108, 700 psi. The ult imate 

4. The yield s t rength of the Z-Axis specimens ranged f r o m  103, 700 
psi t o  1 1 9 , 4 0 0  psi. 
mate s t r e s s  ranged f r o m  123, 000 psi  to  135,400 psi. 
s tress was 127, 640 psi .  

The average yield s t rength was 110, 800 psi. The ulti- 
The average ultimate 

5. The average elongation and reduction of a rea  f o r  the X-Axis 
specimens was 22. 170 and 60.670 respectively. 
reduction of a r e a  for  the Y-Axis specimens was 6. 1% and 11. 870 respectively.  
The average elongation and reduction of a r e a  f o r  the Z-Axis specimens was 
20. 770 and 55. 670 respectively.  

The average elongation and 
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6 .  
cone rupture .  
with ve ry  little necking down effect. 
shown in  F igures  8-2 and 8-3,  

The X-Axis  and Z - h i s  specimens failed with a typical cup and 
The Y-Axis specimens failed with a non-typical rough rupture  

Typical ruptures  for  each axis a r e  

D. TEST DATA 

The test data a r e  presented in Tables 8-2, 8-3 ,  8-4, 8-5, 8-6 and 
8-7. Plots of average s t r e s s  vs s t r a in  for  each axis a r e  presented i n  F ig-  
u r e s  8-4, 8-5, and 8-6. F igure  8-7 presents  a plot of average s t r e s s  vs 
s t r a in  f o r  a l l  specimens.  
a r e  presented in  F igures  C-1 through 6-44 of Appendix C. 

S t r e s s - s t r a i n  curves  for the individual specimens 
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Speci- 
m e n  

x- 1 
x-2 
x-3 
x - 4  
x - 5  
X-6 
x - 7  
X-8 
x-9 
x- 10 
x - 1 1  
x 1 2 8 
X- 13 
X- 14 
X-15 

Table 8-2.  Inspection Data for  X-Specimens 

A (inch) 

.252 f. 0005 

.2521 

.2518 

.2517 

.2520 

.2518 

.2521 

.2520 

.2518 

.2510 
,2520 
.2523 

.2517 

.2521 

.2523 

- 

- 

iimension De 
B (inch) 

t. 06 
1. 25 - .  00 

1 .315  
1.400 
1.400 
1.345 
1. 390 
1.395 
1.370 
1.390 
1 .315  
1.290 
1.400 

1 .385  
1.390 
1.350 

- 

ivnation and 
C (inch) 

. 50 Dia. 

, 4 9 4  
.495  
.494  . 

.494  

.496 

.494  

.495  

.495  

.494 

.496 

.497 

.496 

.494  

.493  

- 

- 

:: Specimen X-12 was ngt tes ted .  

$e c if ic at ion 
D (inch) 

. 2 5  Rad. 

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

.?5 

. 2 5  

. 2 5  

- 

E (degrees)  

45  

45 
45 
4 5  
45 
45 
45 
45 
45  
45 
45  
45  

45 
45 

, 45  

- 

---- 
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Table 8 - 3 .  Inspection Data for  Y - S p e c i m e n s  

Speci- 
n? en 

Y-1 
Y -2 
Y-3 
Y -4 
Y-5 
Y -6 
Y-7 
Y - 8  
Y -9 

E (degrees 

45 

45 
45 
45 
45 
45  
45 
4 5  
4 5  
4 5  
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Table 8-4.  Inspection Data  for  Z-Specimens 

Speci- 
;m e n 

z- 1 
2 -2  
2 -3  
2 - 4  
2 - 5  
Z-6 
2-7  
2-8 
z-9 
z- 10 
z -11  
z- 12 
Z- 13 
z- 14 
2-15 

A (inch) 

. 252  f. 0005 

.2515 

.2522 

.2524 

.2517 

.2520 

.2522 
-2516 
.2519 
. 2 5 1'7 
.2521 
.2524 
.2522 
.25lO 
.2529 
.2528 

imensioii De: 
B (inch) 

t. 06 
1. 25 -. 00 

1.375 
1.390 
1.400 
1.400 
1 .280  
1.400 
1.400 
1.390 
1.385 
1.400 
1.390 
1.395 
1.370 
1.295 
1.350 

gnation and 
C (inch) 

. 50 Dia. 

. 495  

.494 

.493 

. 490  

.49 5 

.49 3 

.493 

.494 

.49 3 

.493  

.492 

.494 

.498 

.479 

.496 

pecif icatior 
D ( inch )  

. 2 5  Rad. 

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

E (degrees) 

45  

45 
45  
45  
45  
45  
45  
45  
45  
45 
45  
45  
45  
45  
45  
45  



rn 

N hl N N N N N N  N N N N w N 
A N N N N N N N N m N N M N  

0 0 0 0 0 0 0 0 0 0 0  c o o  
0 0 0 0 0 0 0 0 0 0 0 0 0 0  

0 0 0 3 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0  
m ~ m ~ m o " C x ) o o ~ m ~ N *  



m 
x 
k 

2 
a, 
ffi 

0 0  0 0 0  0 0 0 0 
0 0  0 0 0  0 0 0 0 
coo 9 CON N 9 co p 

N N  N N N  N N N N 

.... Gj;Ln" 4 Nul  Ln" Ln" Ln" d; 
A 4  4 4 4  4 4  4 4 

0 0  0 0 0  0 0 0 0 
0 0  0 0 0  0 0 0 0 

D T-'D 0 0 Ln CO 

0 
0 
t- 

'j.c 
N 

n 

I-( 

0 
0 

co 
0 

r 
n 

r - 4  

- - 

-a, 
bo 
rd 
k 
a, 
? 

- ;.. 

2 

8-9  



rn 
.r( 

X 
4 
N 
I 

.. 
(I) 

c, -4 

9 
VI 
a, 
ffi 
c, rn 
0 

a, 

rn 
G w 
E 

r 

Ec 

rt 
.r( 

# 
03 

a, 

Id 
z: 
b 

O O O O O O O O O O O O O  0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0  0 0  

0 " N M  
~ N m + I n a r c o c h ~ - - ~  2 2  
N N N N N N N N N N N N N  N N  

1 1 1 1 1 1 1 1 1 1 1 1 1  I I  

8- 10 



2 

0 
2: 

Figure  8 - 2 .  Typical  Rup tu res  for "X", "Y" and "2" Specimens 8-11 



Figure 8 - 3 .  I l lus t ra t ion  of Cup-Cone Rupture for X and Z Specimens  and 
Non-Typical  B r e a k  for Y Spec imens  8-12 
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Average Stress  vs Strain 
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APPENDIX A 

"TALYROND" CONCENTRICITY CURVES FOR THIN 

WALL CJ Y LIPJDE R S 



"TA LY RONI)" CONCENTRICITY CURVES 

F i g u r e  2 - 2 ,  S p e c i m e n  No. B-1 F i g u r e  2-3, S p e c i m e n  N o .  B-2 

F i g u r e  2-4, Sprciiiicii Nu. B-3 F i g u r e  2-5,  S p e c i m e n  No.  B-4 



“TALYROND“ CONGENTRICITY CURVES 

Figure 2-6 ,  Specimen No. B-5 Figure 2-7, Specimen No.  B-6 

Figure  L - M ,  Spccimen No. B-7 Figure 2-9 ,  Speciilien No. B-8 



"TALYROND" CONCENTRICITY CURVES 

Figure 2 -10 ,  Specimen No. B-9 Figure 2 - 1 1 ,  Specimen No. 3 - 1 0  



"TALYROND" CONCENTRICITY CURVES 

Figure  2-14 ,  Specimen No.  C - 1  . Figure  2 -15 ,  Specimen C-2  

Figutr 2-1b. S p c c l m e n  C-3  Figure 2 - 1 7 ,  Specimen No. C-4 



"TALYROND" CONCENTRICITY CURVES 

, . ... .. .' .- .-...* - . ._'# - - -: 
h-igure 2-20 .  Specinicn No.  C-7 



“TALYROND” CONCENTRICITY CURVES 

Figure 2-22, S p e c i m e n  No. C-9 F i g u r e  2-23,  Specimen No. C-10 

F i g u r e  2 - 2 4 .  5pecin ien  No. C - i l  F i g u r e  2-25,  Spccirnrr l  No. C-12 



Figure 2 - 2 6 ,  Spacinirn No. D-1 F i g u r e  2-27, Specimen No. D-2. 

.. .. . . ..I . .. --. 



"TALYROND" CONCENTRICITY CURVES 

Figure 2-30, Specimen No. D-5 Figure 2-31, Specimen Nu. D-6 

Figure 2-32, Specimen No. 9 - 7  Figure 2-33, Specirlien No. D-ti 



"TALYROND" CONCENTRICITY CURVES 

F i g u r e  2-34,  S p r c i n i c n  No, 1)-9 

-.-_ ~ __I.-- ... 

F i g u r e  2-35,  Specinitxi No. D-10 



"TALYROND" CONCENTRICITY CURVES 

Figure  2-38,  Specimen No. E - l  Figure  2-39, Specimen No. E-2 

Figure  2-40 ,  Speciincn NO. E - 3  Figure  2 - 4 1 ,  Specimen No. E-4 



"TALYROND" CONCENTRICITY CURVES 

Figure 2-42, Spcciineii No. E-5  F i g u r e  2-43 ,  Spccimbn No. E-6  



"TALYKOND" CONCENTRICITY CURVES 

Figure 2-46,  Specimen No. E-9 

-___ -;=lDr. 0- 

Figure 2-47,  Specimen No. E-10 

.-. 
... .- -__---- 'hi 

Figure 2-49 ,  Specitnen No, E-12 
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METALLOGRAPHIC, E XAM1NA.T IONS O F  PRESSURIZED 

TYPE TENSILE SPECIMENS 



C O P Y  

MEMORANDUM 

TO: M r .  C .  E .  Catajdo 
R - P& V E - -MM 

FROM: R .  F. Manzell 
Brown Eng. C o . ,  Inc. 
SVD, Mater ia ls  Dcpt. 

DATE: Apri l  19, 1966 

SUBJECT: Hydrogen Embrit t lement of A302 Grade B Nickel Modified 
Steel 

Introduction 

Specimens of A302 Grade R nickel modified s tee l  that had been subjected to  
hydrogen enibrit t lement studies by Brown Engineering C o . ,  Znc., Tes t  
Division, Huntsville, Rlabaima were secured for  metallurgical studies by 
R-P&VE:-MiM. 
s t r e s s e s  at  selected levels  between 5 0 , 0 0 0  ps i  arid 130,000 ps i  iil environ- 
rnents of low oxygen content hydrogen, helium, nitrogen and hydraulic oil. 
The exposure period w a s  for  a nominal 24 hours af ter  which the external 
p r e s s u r e  was gradually increased until the specimens failed. 
holding Diessure was 6 ,000  psi; the tensile stress was varied by varying 
the c ros s  sectional a r e a  of the specimen. 

The specimens had been subjected to sustained tensi le  

The nominal 

Metallographic examination showed that specimens failed in HZ(g) exhibited 
seconc‘ary cracking in the necked a r e a  and a l so  secondary cracking to  a 
much snial ler  degree in the shank a r e a .  
t he  necked a r e a  o r  in the o r  in the shank a r e a ,  was found in Specimens 
failed iri N2(g ) )  He(g) o r  hydraulic oil.  
with hydrogpn exposure occurs  dfter plastic deformation in localized a r e a s .  
The micro-c  rhck propagation rate in these localized a r e a s  is relatively 
low. 

No secondary cracking, e i ther  in 

The secondary cracking associated 

Procedure  

Spec!’mc.ns rc?prcsc-.r:tativc of tht. various tes t  conditions were selected fo r  
inetallurgical cxarnjnation. 
following conclusions : 

The attached pictures i l lustrate  many of the 

( 1) Specimens failed in H2(g)  exhibitcd secondary cracking in the necked 
a r e a  and a l so  seconclary cracking to  a much sma l l e r  degree  in the 
unreduced shank area. 



Specimens exposed and failed in He(g), N2(g) and hydraulic oil  did not 
exhibit secondary cracking, either in the necked a r e a  o r  in the shank 
area. 
fai lures .  

The f r a c t u r e  su r faces  exhibited typical cup and cone ductile 

N o  correlat ion was found between the sustained tensile stress and the 
amount o r  appearance of secondarycracking associated with specimens 
tes ted in  H2(g). 

The maximum amount of secondary cracking was found in  areas con- 
taining a high concentration of inclusions. 

Three  specimens were  removed f r o m  test after a 24 hour exposure in 
Hz(g) at a s t r e s s  of 120, 000 psi. Both liquid penetrant inspection and 
metallographic study of these specimens did not reveal  any conclusive 
evidence of secondary cracking. It is concluded that the secondary 
cracking occurs  both in the necked a r e a  and the shank a r e a  simulata- 
eously with yielding. 

One specimen failed a f te r  a 36 minute exposure in  H2(g) at a stress 
level  of 120, 000 psi. 
area containing -more than the normal  amount of inter-rnetallics. 

It was found that this fai lure  occurred in a n  

Specimens that were  fabricated f r o m  4340 steel, Rc  29, and k s t e d  in  
HZ(g) and He(g) were  a l s o  examined. The resu l t s  were  substantially 
the same as  those found with A302, GI-. B, nickel modified steel. The 
spec imens  exposed to  He(g) exhibited cup and cone f rac tures  and the 
spec imens  exposed to  H2(g) exhibited the same type f rac ture  with 
secondary cracking both in the necked a r e a  and shank a rea .  
m a t e r i a l  appeared to  be  affected m o r e  severe ly  b y  the hydrcjgen than the 
A302, Gr. B nickel modified steel. 

The 4340 

This study is to  include the determination of the chemical composition and 
electron microscope  examination of the f r ac tu re  a rea .  These phases  have 
not been completed. 

s / R .  F. Manzell 
R. F. Manzell 
Brown Eng. G o , ,  Inc. 
SVD, Mater ia ls  Dept. 

C C :  Dr.  C. E. Kaylor, SVD 
D. R.  Mor r i s ,  SVD 
J. Bradley, H. 0. D. 
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MEMORANDUM 

TO: J. F. X. Weinig, KSC Pro jec t  Engineer 

FROM: J. G. Belcher ,  Jr. and R .  G, Sturm 

SUBJECT : Pic ture  Report  of H2 Embri t t lement  Specimens. 

DATE: February  15, 1966 

This memorandum presents  a pictorial repor t  of the resu l t s  of hydrogen 
embrit t lernent on a representat ive specimen, X-3-C, and compares  the 
resu l t s  to  a control specimen, X-2-H exposed only to helium. Specimen 
X-3-C was s tored  for  25 hours  and 27 minutes at 6000 psig with hydrogen 
at atmospheric  temperature .  The p res su re  was then increased to  10,000 
psig in 8 minutes and held at 10, 000 psig for  5 minutes. 
was again increased until the specimen f rac tured  at 1 0 , 9 5 0  psig. The 
pressurizat ion t ime required f rom 10, 000 psig to  b u r s t  was 2 minutes 
and 16 seconds. The ultimate tensile strength of specimen X - 3 - C  was 
calculated to be 129, 087 ps i .  

The p res su re  

Figures  1 and 2 show the point of f rac ture  of specimen X-3°C. These 
photornicrographs were  taken 180 apart .  Note the i r regular  shape of 
the f rac ture  surface.  
surface.  
the machining marks  on the surface of the specimen. 
marks  give the hydrogen a point of attack. 
Figure 2. 

0 

Also note the multiple f rac ture  effect of the specimen 
The holes indicated by the a r rows  in Figure 1 a r e  paral le l  to 

These machining 
Similar holes a r e  a l so  shown in 

Such multiple f r ac tu res  indicate hydrogen embrit t lement.  

In a ductile tensile specimen, the point of f rac ture  reduces in a r e a  o r  
"necks down. ' I  Note that "necking down'' in Figures  1 and 2 is very siight. 
This a l so  indicates that hydrogen embrit t lement is present.  

Figure 3 shows an enlargement of one of the surface holes pointed out in 
Figure 1. 
without obvious plastic s t r a in  but on both ends of the hole evidence of 
la rge  plastic deformation is present.  
hydrogen embri t t lement  attack. If the hole was compressed together in 
an exact axial direction, the ends of the surface scrrttch ( see  a r r o w s )  
would exactly line up. This hole was located very close to the f r ac tu re  
line of the specimen which indicates that it had occurred prior to complete 
f r ac tu re  

It may be noted that at the surface hole the mater ia l  separated 

Such behavior iiidica.tes a localized 
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F igures  4 and 5 show the inside sur face  of one of the holes ( see  footnote 1, 
F igu re  1)  as shown enlarged in  F igu re  3. 
4 and 5 were  taken at the  f rac ture  sur face  of the specimen. 

The photomicrographs in F igures  

F igu re  4 shows th ree  ( 3 )  distinct types of f rac ture .  
out cleavage f r ac tu re  typical of embrit t led .materials. 
out duc.tile tear  which would normally occur at the center of a ductile tensile 
specimen. 
gen embrit t lement.  
number 3 in F igu re  4. 

-4rrow number 1 points 
Arrow number 2 points 

Arrow number 3 points out intergranular  f r ac tu re  typical of hydro- 
F igure  5 is i? continuation of the surface indicated by a r r o w  

F i g u r e  6 shows the "necking down" of helium control specimen X-2-H. The re  
is no evidence of holes in the surface as in  the hydrogen embrittlem.ent speci-  
men shown in F igu re  1 and 2. 
su r f ace  of specimen X-2-H. and is ty-pica!. of ductile f racture .  The outer area 
shows shea r  and the inner area shows ductile t ea r .  
of s p e c i m e n  X-2-H was calculated to be 121, 500 psi. 

F igure  7 is a photomicrogra.ph of the f rac ture  

The ultimate tensile s t rength 

Although hydrogen embri t t lement  was present ,  it is concluded that specimen 
X - 3 - C  had been snibrit t led by hydrogen through only a sma l l  percentage of the 
cross-sectiona.1. area. 
reduced the t rue  s t rength a t  f racture .  
mens,  the t r u e  f r ac tu re  strength of the specimen in hydrogen was 179, 600 psi ,  
whereas  the t r u e  f r ac tu re  strength of the specimen in helium was 356, 800 psi .  

The presence  of hydrogen einbrit t lement drast ical ly  
Using the final diameter  of the speci-  

R.  G. Sturir, 
Staff Cansultant, Mater ia ls  
R e s  e a r  ch l a b o r a t o r i e s  
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1 .  Figures  4 arid F igure  5 w e r e  taken at this point. 

F igure  1. F r a c t u r e  Point of Specimen X-3-C 
(Magnification 8 X  1 



Figure 3 .  Enla rgemen t  of Sur face  Hole 
(A,f.agnificaiion 25X) 
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F i g u r e  5. Inside Surface c;f Hole Showing 
Iritergrariular F r a c t u r e .  
(hfagnification 25 X )  
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F i g u r e  7. F r a c t u r e  Stirface of Helium Control 
Specimen X-2-H (Magnification 15X) 
Specimen Ti!ted A4pproxitnately 30  

0 



A P P E N D I X  C 

STRESS VS. STRAIN CURVES FOR T E N S I L E  

S P E C I M E N  TESTS 



Strain ( in / in )  



Stress v s  Strain 
Specimen Number X - 2  
Material: A302-B 

Strain '  ( i n / in )  



Strain i n / i n  



Strain ( in / in)  



Strain ( in / in )  



B 0 0. 02  0. 06 0. 10 0. 1 4  0. 18 0. 22 

Stra in  ( i n / i n )  



Stress  vs  Strain 
Specimen Number: X-7 
Material: A302-B 



Strain ( in / in )  



Stress vs  Strain 
Specimen Number: X - 9  
Material: A302-B 

B 0 0 . 0 2  0. 06 0. 10 0. 1 4  0. 18 0 .22  

Strain (in/in) 



B 0 0 . 0 2  0. 0 6  0.  10 0. 1 4  0. 18 0.  22 

Stra in  (injin) 



B 0 0.02 0.06 0. 10 0. 1 4  0. 18 0.22  

Strain ( i d i n )  

Fi: arc  C- 11, St r ,  s s  v s  SI r 1 3 1 1  S p ~ ~ l . i t n c ~ n  Nun>')(  r X -  11. 



Stress  vs  Strain 
Specimen Number: X- 13 
Material: A302-B 

I 

B 0 0.02 0, 06 0.10 0. 1 4  0,  18 0 ,22  

Strain (in/ in) 

F,;1*,1.e c - 1 2 .  Stress v s  Stra:ii Spcciit)e:i I%ti1>11j(>~ X -  13. 



Stress vs Strain 
Specjmen Number: X-  14  
Material: A 302-B 

0,004 0,008 0.012 0,016 0 . 0 2 0  0.024 
B 0 0.02 0, 06 0, 10 0, 14 0.16: 0.22 

Strain (inlin) 

Fi, urt- C - 1 3 ,  S t r ~ s s  v s  Strail, Spt.cirnt 11 hi:ii t ) c s r  X -  14.  



Stress  vs Strain 
Specimen N u m b e r :  X- 15  
Material: A 302-I3 

A 0 0,004 0,008 0.012 0.016 0 , 0 2 0  0,024 
E) 0 0 .02  0, 06  0.10 0. 1 4  0,18 0.22 

Strain jin/in) 

Fig:u, e c - 1 4 ,  Strz s s  x r s  St;.a:ii S ~ ~ ~ ~ L J I I C - I I  NtirritJer )=-15. 



Deviation 
From Average 
S t ress  (psi) 

16, 000 

12,000 

8,000 

4,000 

0 

-4,000 

-8,000 

-12, 000 

,-16, 000 

Deviation From Average 
Stress  v s  Strain . 
F o r  "X" Specimens 
Material: A 302-B 



Precentage Variation from Average 
S t ress  vs Strain 
F o r  "X" S pe cimens 
Material: A 302-E 

Ei. Percentage Deviation 
F r o m  Average S t ress  _ _  

3 0% 

20% 

10% 

0 

-10% 

- 2 0% 

-3070 

. . i - l -  -1 - 
! I :  



A 0  0.004 0.008 0,012 0,016 0.020 0.024 

B 0 0 ,  02 0,06 0.10 0. 14 0. 18 0.22 
Strain (in/in) 



A 0  0 , 0 0 4  0,008 0 , 0 1 2  0.016 O,G20 0 ,024 
B 0 0.02 0. 0 6  0.10 0. 1 4  0. 18 0,22 

Strain (in/iii) 





Strain (in/in) 

F i g u r e  C - 2 0 .  Stress  vs Strai.n, S p e c h e n  Number  Y - 4  



Strain ( in / in )  



St ra in  (irr/ in) 



Strain ( in / in )  



A 0 0 . 0 0 4  0 . 0 0 8  0 .012  0.016 0 . 0 2 0  0.024 
€3 0 0 . 0 2  0 .06  0.10 0. 14 0.18 0 .22  

Strain (in/in) 

F i g i i r t ?  C-24. Stress v s  Strain, Specirnen Nur-nb?r Y-8 





(psi)  
8,000 

6,000 

4,000 

2,000 

0 

-2 ,000 

-4,000 

-6,000 

‘ 8 , 0 0 0  

Stress  Deviation F rom Average 
vs Strain 

“Yll Specimens 1-9 
Material: A302-B 



Percentage Deviation of Stress vs Strain 
"Y" Specimens 1-9 
Material: A302-B 

S t ress  

7 0 )  

3070 

20% 

1 0 %  

0 

- 10% 

- 20 yo 

-3oyo 



A 0 0 .004  0 .008  0.012 0.016 0 .020  0 .024  
B 0 0.02 0.06 0 . 1 0  0 . 1 4  0.  18 0.22 

Strain (in/in) 



140,000 

120,000 

100,000 

80,oao 

60,000 

40,000 

20,000 

0 
A 
€3 0 0.02 0 .06  0.10 0.14 0 .  18 0.22 

St ra in (in/in) 



St rain ( inj in)  



St rain (in/i.n) 



A 0 0.004 0.008 0.012 0.016 0.020 0.024 
B 0 0.02 0 .06  0.10 0 .  14 0. 18 0.22 

S t  rain (in/in) 



A 0 0.004 0.008 0.012 0.016 0.020 0.024 
B 0 0.02  0.06 0.10 0. 14 0. 18 0.22 

Strain (in/in) 



Stress vs  Strain 
Specimen Number 2 - 7  
Material A302-B 

A 0 0.004 0.008 0.012 0.016 0 . 0 2 0  0.024 
B 0 0 . 0 2  0.06  0.10 0. 14 0. 18 0 . 2 2  

Strain (in/in) 



Strain (in/in) 



A 
B 

0 0.004 0,008 0.012 0,016 0 . 0 2 0  0.024 
0 0.02 0.06 0.10 0 .  14 0 .  18 0 .22  

Strain (in/in) 



Strain (in/in) 



Strain ( in/ in)  



Stress vs Strain 
Specimen Number 2 -12  
Material: A302-B 

A 0 0.004 0.008 0 . 0 1 2  0.016 0.020 0.024 
B 0 0 . 0 2  0.06 0.10 0 .  14 0 .  18 0 .22  

St rain (in/in) 

). i g u r c  c -39 .  StrC v:; Strai 1, Sp * ( - ;  ~ I C I ?  ' \ u l r t h c r  Z-1  2 



A 0 0.004 0.008 0 .012  0.016 0.020 0.024 
B 0 0.02 0.06 0.10 0. 14 0.18 0.22 

St rain (in/in) 



A 0 0.004 0.008 0.012 0 .016  0 . 0 2 0  0.024- 
B 0 0.02 0.06 0.10 0. 14 0 .  18 0 . 2 2  

st rain ( i.n/in) 



A 0.004 0.008 0.012 0.016 0.020 0.024 
3 0 0.02 0.06 0.10 0. 14 0.18 0 . 2 2  

Strain (in/in) 





APPENDIX D 

A HISTORY OF SOME HYDROGEN ,PRESSURE VESSEL 

FAILURES 



1. Hydrostatic tested to 10, 080 psig before being placed in 
serv ice .  

2. P r e s s u r i z e d  with GN2 to 6000 psig for 1 o r  2 days in 
January  1966. 

3. Held with C N 2  a t  5800 psig for 2 o r  3 days.  

4. Held with GN2 a t  4500 psig fo r  2 o r  3 days. 

5. P r e s s u r e  dec reased  to 0 psig during a blow-down about the 
middle of February .  

6. 
fo r  2 o r  3 days.  

P res suk ized  with GH2 to 3000 psig on 19 Februa ry  and held 

7. P r e s s u r e  increased  to 3500 psig CH2 with resul tant  leak-  
age in the valves  and piping. 

8. P r e s s u r e  increased  to 4000 psig GHZ and held until 3 
March 1966. 

9. 

10. 

CH2 p r e s s u r e  increased  to 5300 psig on March  3 ,  1966. 

Discovered the GHZ to be contaminated and emptied vesse l  
on 4 March  1966. 

11. 
on 6 March  1966 and vesse l  leaked immediately f r o m  vent po r t s  on both 
ends of vesse l .  

Refilled with GH2 and p res su r i zed  s t ra ight  up to 5850 psig 



A k i s t o r y  of Some Hydrogen P r e s s u r e  Vesse l  Fa i lu re s  

A. Hydrogen Vesse l  Fa i lu re s  a t  Aerojet  Genera l  Corporat ion:  

Aero je t  Genera l  Coruorat ion (AGC) experienced fa i lures  of 1300 
cu. f t . ,  5000 psig GHz s torage  vesse ls .  
vice at 5000 psig,  four containing hydrogen and three containing nitrogen, 
Three  fa i lures  have occur red  in the 1-inch nozzles  in  hydrogen - con- 
taining vesse l s  manufactured by A. 0. S-mith using A. 0. Smith m a t e r i a l  
(similar to A302B Ni modified). 
approximately 6-inch thick p r e s s u r e  ves se l  wall with a 1 -inch weld 
surrounding the nozzle,  The weld was  not s t r e s s  relieved and because of 
the mult i - layer  design of thc p r e s s u r e  vess les ,  numerous  s t r e s s  r a i s e r s  
a t  the weld m u s t  be a s sumed  to exist .  
s u r e s  of around'4. 300 to 4, 400 psig.  

ACC h a s  seven vesse l s  in s e r -  

These  nozzles were  welded into the 

These fai lures  occurred, a t  p r e s -  

A fa i lure  ana lys i s  was  made on only the l a s t  of the th ree  fai lures .  
The fai lure  was  apparent ly  initiated at the nozzle-weld interface and 
propagated in a par t ia l ly  ductile, par t ia l ly  br i t t l e  manner  through the 
nozzle. The weld nozzle m a t e r i a l s  were  found to be essent ia l ly  f r e e  
of defects  and to have good mechanical  proper t ies .  This  fa i lure  qna lys is  
indicated that the internal  s t r e s s e s  in the nozzle were  a l a rge  fract ion 2f 
the yield s t rength of the rr-ateriai. 
fa i lures  occur red  as  a r e su l t  o f  the combined efiect  of local high s t r e s s  
and hydrogen e m b r  i t t lement.  

AGC invest igators  believe that Lhe 

Aeroje t  Genera l  a l so  has three  laminated vesse l s  fabr icated f r o p  
T-1  s t ee l  by the S t ru the r s  Wells Corporat ion.  
in H P  hydrogen serv ice .  The vesse l  was opened and seve re  cracking was  
found in the longitudinal s e a m  welds of the vessel .  Inspection of 'the other  
two vesse l s  before use,  however, revealed similar but l e s s  s e v e r e  c r a c k s  
in somc of the weld zones of these vesse ls .  This  would indicate that poor 
fabrication as  well  a s  the hydrogen serv ice  contributed to this failure.  

One leaked a f t e r  being used 

R. €Tydrdgen Vesse l  Fa i lu re  at MTO: 

One of the three  hydrogen vesse l s  (1300 cu.  f t .  ) at MTO developed 
a leak on 6 March  1966.  
ASTM A-S1-I-63 ( T - l ) ,  which i s  difficult to weld properly and w e r e  design- 
c , d  for 6300  psig W P  GHZ se rv ice .  

These  S t ru thers  W e l l s  Vesse ls  are made  of 

The sequence of events which t ranspi red  
lo the t ime of fa i lure  w a s  as  follows: 

4 
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